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PREFACE 


This book has ])con preparod for stiuk'nts of the l)ioloj>;ical sciences 
who (lesii‘(* a means of becoming more readily ac(piaintcd with the litera- 
ture and problems of cytology. It does not pretend to be an exhaustive 
tr('atisc for the use of experienced cytologists, though it is hoped that to 
them also some of its features may be of service. 

lor a number of yeai's students of biology, especially those working 
along botanical lines, have been faced with the task of searching through 
a widely scattered literatim^ for information on various cytologi(;al 
subjects. It is the i)urposc ol this book not to render the consultation 
ol that literature unne(‘essary, but only to make it easier; the student 
can scarcely be too strongly urged to derive his information from original 
sources wh('rever possible. Th(‘ author does not presume to replace, but 
rather aims to supplement, Professor Wilson’s well known book. The 
( ell in Developmenl and I nherilance, which, though written twenty years 
ago and with tlu‘ (unphasis primarily on the zoological side, will remain 
invahiabk' to all workers tor many years to come. The more recent 
works of Clurwitsch (Morphologie und Biologie der Zelle), Heidenhain 
(Plasma n/nd Zelle), and Huchner (Prakticum der ZcUenlehre) arc of im- 
portance' espe'cially to the zoologist. 

The living c('ll, or protoplast, which re'prese'iits the organized proto- 
plasmic unit of structure and function, obviously cannot receive complete 
(h'seription in structural te'rms. Until a comparatively recent period 
cytological researche's dealt primarily with cell structure, including 
particulary the conspicuous changes undergone by this structure in 
comu'ction with the n'production of the cell (cell-division) and of the' 
multicellular organism (maturation and fertilization). A gradual shifting 
e)l’ e'lnphasis has since leel to the opening of fruitful fields in other direc- 
tions, and the import ant results already achieved have shown with increas- 
ing erlearness the need for a closer acquaintance with the physiological 
aspee'ts e)f e‘e'11 activity, not only in med.abolism and growth, but alse) in 
the re'prexhu'tive phases ejf the life cycle. The present work, though 
dt'aling mainly with the structural aspects of the subject, may aid indi- 
rectly in fulfilling the above need by making the prerequisite data of cell 
morphology more readily available. 

Throughout tlie book, which in many of its chapters treats chiefly 
of the |)lan t ci'll . ;.ittention is focussed upon the protoplast : the cell wall 
is giv('n only bri(‘f consideration, since it plays a relatively minor role in 
the process(‘s of particular interest to the cytologist at the present tinu'. 
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Because of their fundamental im|)()rtanec in eoniu'etion with the problems 
eonfrontinjz; the j2;eneticist, -the phenonuma of nuel(‘ar division, chromo- 
some reduction, and fertilization an' describc'd with eonsid('rabl(‘ fulliu'ss, 
and their relation to the problems of heredity is taken up in five special 
chapters. With reganl to many of the subjects treated, it has not been 
found possible to formulate final conclusions, since in many cases nothing 
mor(' than tentative general statements are warranted !)y the facts in 
our possession. In some chapters little more than catalogs of confli(*ting 
opinions can be given, but in such a form the state of certain questions 
is not inaccurately represented. The student entering upon th(' field of 
cytology will be impres.sed by the large number of special points which 
remain undetermined and general questions which await adequate 
answers. If he can look upon cytology as a developing science, and if 
he has reached the stage at which he no longer demands categorical 
answers to all his questions, this book will be of inten'st to him as much 
for the probk'ins it raises as for (hose it hel[)s to solv(‘. Not the least of 
its functions is io indicate lines of res('arch along whi(*h Ik' can hope to 
make contributions to the subje(‘t. 

In compiling his materials the author has not hesitated to di*aw very 
freely upon the writings of others. In many cases where direct quotation 
is not made, the language of (he originals has been closely followed in 
order to lessen the liklihood of misrepresentation. His great debt to 
Professor Wilson’s book will b(‘ a|)parent to all those familiar with that 
admirable work. The majority of the diagrams and a number of th(‘ 
other figures are new. Most of the latter, however, have been redrawn 
from works cited in the text, not only that the value of the book may be 
enhanced by the presence of authoritative illustrations, but also that the 
student may be encouraged to become more familiar with the original 
papers. The general .systematic positions of organisms indicated in tlu' 
t(*xt by their scientific names only may be ascertairu'd by refei*ring to 
the generic names in the index. 

The illustrations are largely the work of Miss Mildred Stratton, in 
whose skill and spirit of cooperation the author has had invaluable 
assistance. The criticisms of the text kindly given by Professor C. J. 
Cyliamberlain of the University of Chicago and Professor R. A. Umerson of 
Ck)rnell University have been very highly appreciated. Acknowledge- 
ments are also made to the author’s other colleagues for th(*ir advice and 
continued encouragement. Further criticisms looking toward the im- 
provement of future editions will be welcomed. 

L. W. S. 

Ithaca, New York, 

September 8, 1920. 
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Notk 

Less than two months after the completion of the text of this book 
the authoi' has receivcal copies of the two new hhiglish works on cytology: 
W. 1^]. Ajr{ii‘’s Cyiolodj/^ With Special Reference to the Metazoan Nucleus and 
L. Doncast(‘i‘’s An Introduction to the Study of Cytoloyy. Both deal 
almost (‘xclusively with animal cytology, the first being valuable for 
its account of chromosome Ixdiavior in animals, and the second for its 
dis(*ussions of gametogenesis, hnlilization, parthenogenesis, and sex- 
d(d(n*mination. These works, together with the botanical portions of 
the present volunu*, siiould make an ac(juaintance with the gcmeral field 
of cylology much more n'adily attainable'. 
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(TIAPTER I 

HISTORICAL SKETCH 

The history of (!ytolo^y falls naturally into three p('riocls, of which 
the first begins with the discovery of the cell by Robert Hooke in 1665, 
the second with the foundation of the Cell Theory by Schlcidon and 
Schwann in 1838-9, and the third with the important researches of 
Strasburger, Hertwig, Hutschli, and others between 1870 and 1880. In 
the present sketch attention will be confined almost entirely to the first 
two periods, the work of the third, or modern, period being dealt with in 
the other chapters of the book. 

Prior to the seventeenth century attempts to analyse the structuri? 
of organisms were necessarily unsatisfactory. Aristotle (384-322 B.C.) 
in his De Partibus Animalium distinguished the “homogeneous parts” 
and the “heterogeneous parts,” the former corresponding in general to 
what we classify as tissues (l)one, fat, cartilage, flesh, blood, lymph, 
nerve, membrane, nails, hair, skin, v(‘ssels, tendon, etc.), and the latter 
being the larger members of the body (head, face, hands, feet, trunk, 
etc.). Theophrastus, the pupil and successor of Aristotle, taught in his 
Hidoria Plantarum (hat the plant bofly is composed of “sap,” “veins,” 
and “flesh.” Arisloth^'s classification was developed further by Galen 
(131- 201 A.D.) and by his followers. Although we no longer regard the 
above compoiamts as elenumtary |)arts, but ratla'r as tissues and organs, 
the ancients may be pardoned for not carrying the analysis further, for they 
did not possess the necessary instruments. Something was then known 
about the refraction of light, but it was not until many centuries later 
that suitable lenses were available. The first compound microscope was 
brought out in 1590 by J. and Z. Janssen, spectacle makers of Middle- 
burg, Holland; and during the first part of the seventeenth century 
other improved models were designed by other workers. These instru- 
ments in the hands of men possessed of scientific curiosity soon led to 
many significant discoveries. A new world was opened to the eye of 
science, and the compound microscope has since remained an instru- 
ment of extraordinary value in biological research. 

I 
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The Discovery of the Cell. — Cytology may be said to have begun wit h 
the discovery of the cell by Robert Hooke (1635- 1703) in 1665. Hooke, 
who lived in London and has been described as a man of eccentric appear- 
an(*e and habits, showed a remarkably varied scientific activity. For a 
time he was a professor of geometry, and later became an architect. He 
performed many original experiments in mechanics and for a number of 
years was curator of experiments to the Royal Society. His interest in 
opti(!S led him to examine all sorts of objects with the compound micro- 
scope. In charcoal and later in cork and other plant tissues he found 
small honeycomb-like cavities which he called cells. He had no dis- 
tinct notion of the cell contents, but spoke of a nourishing juice, 
which he inferred must pass through pores from one cell to another. 
His many observations were embodied in his Micrograpkia (1665), a 
large work illustrated with 83 plat(‘s. The chapter containing his r('- 
marks on cells is entitled ‘‘Of the sclHunatismc or texture of cork and 
the cells and pores of some other such frothy bodies.” Quaint and crude' 
as it now appears to us, the Micrographia takes its |)lace as tlie earliest 
cytological classic;. 

Three other names even more prominent in the early history of micro- 
scopy are those of Malpighi, Grew, and Leeuwenhoek. Marcello Mal- 
pighi (1628-1694), an Italian physiologist and professor of medicine at 
Bologna, Pisa and Messina, is })est known for his important pioneer woi'k 
in anatomy and embryology. Most of his observations on plants were; 
included in his Anatome Plantar um (1675) and had to do largely with t he 
various kinds of elements making up the body of the vascular plant. 
Malpighi made a distinct step in advance in studying tissues with the 
cell as a unit; a clear fore-shadowing of the Cell Theory is seen in his 
remarks concerning the importance of the “ utriculi ” in the structure of 
the body. At Pisa Malpighi was associated with G. A. Borclli, who was 
one of the first to use the microscope on the tissues of higher animals. 

Nchemiah Grew (1641-1712) was an English physician and botanist. 
He began a careful study of plant structure in 1664, and in 1670 read his 
first important paper before the Royal Society. Further contributions 
followed at intervals until 1682, when all of them were published under 
the title The Anatomy of Plants. Like Malpighi, an abstract of whose 
first work on plants was presented to the Royal Society in 1671, Grew was 
interested in tissues, and gave particular attention to the combinations 
of these tissues in different plant organs. He was strongly impressed 
by the manner in which the cells, which he also called “vesicles” and 
“ bladders,” appeared to make up the bulk of certain tissues : “ . . . the paren- 
chyma of the Barque,” he said, “is much the same thing, as to its con- 
formation, which the froth of beer or eggs is, as a fluid, or a piece of fine 
Manchet, as a fixed body” (p. 64). He further believed the walls of 
the cells to be composed of numerous extremely fine fibrils: in the vessels 
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or lon^j;itu(linal elements these fibrils were wound in the form of a close 
spiral, while the vessels themselves were bound together by a transverse 
series of interwoven threads. He accordingly compared the structure 
of the plant with that of a basket, and with ‘‘fine bone-lace, when the 
women are working it upon the cushion” (p. 121). 

Antony van Leeuwenhoek (1632-1723) of Delft is remembered for 
his pioneer researches in the field of microscopy. He constructed a 
number of simple lenses of high power, and with these he was able to see 
for the first time certain protozoa, bacteria, and other minute forms of life. 
In the course of his investigations he observed the cells (“globules”) 
in the tissues of higher organisms. His work, in spite of the fact that 
it was carried on without any definite plan, brought to light a number 
of important facts, but in general his accomplishments do not bear 
favorable comparison with those of Grew and Malpighi. 

Preformation and Epigenesis.— After the death of Leeuwenhoek 
there ensued a period during which the actual investigation of the cell 
and the structure of organisms remained practically at a standstill. At 
that time, however, certain speculations were indulged in which should 
be recorded here, not because they can be regarded as scientific cytology 
but because of the influence they exerted upon the formulation of many 
cytological problems in later years. These speculations resulted in the 
division of the biologists of the day into two schools, the main question 
at issue b(hng the manner in which the embryo develops from the egg. 
The two theories formulated in answer to this question have been called 
the Preforniation Theory and the Theory of Epigenesis. 

According to the Preformation Theory, the basis for which was laid 
in the seventeenth century works of Swammerdam, Malpighi, and 
Leeuwenhoek, the egg contains a fully formed miniature individual, 
which simply unfolds and enlarges as development proceeds. Because 
of this unfolding the theory was also known as the Theory of Evolu- 
tion, a phrase which has a quite different connotation today. In the 
eighteenth century the preformation idea was carried to an absurd 
extreme by Bonnet (1720-1793) and others, who argued that if the egg 
contains the complete new individual, the latter must in turn contain 
the eggs and individuals of all future generations successively encased 
within it, like an infinite series of boxes one within another. This theory 
of encasement {emhoUement) was a logical deduction from the since 
abandoned premise that everything, including organisms for all time, 
had been formed by one original creation, and that nothing could there- 
fore be formed anew. The preformationists soon became separated into 
two groups: the spermists or animalculists, and the ovists. By the 
former the new individual was supposed to be encased in the sperma- 
tozoon, and figures were actually published showing a small human figure, 
or “homunculus,” within the sperm head. The ovists, on the contrary, 
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held that the individual is encased in the egg. A bitter strife was carried 
on over this question by the two groups of preformationists, and various 
interesting compromises were made. But all extreme forms of preforma- 
tionism were to disappear in the light of more critical investigations, 
which went far to support the opposing Theory of Epigenesis. 

Two of the early champions of the Theory of E[)igenesis were William 
Harvey (1578-1667; Exercitationes de Generatione Animalhim, 1651), 
and Caspar Friedrich Wolff (1733-1794; Theoria Generationis, 1759). 
As the result of many careful observations on the embryogeny of the 
chick Wolff was able to show beyond question that development is 
epigenetic: neither egg nor spermatozoon contains a formed embryo; 
development consists not in a process of unfolding, but in “the continual 
formation of new parts previously non-existent as such” (Wilson). 
Here there was room for the principle of true generation, or “the 
production of heterogeneity out of homogeneity.” The Theoria Genera- 
tionis is to be regarded as one of the really great contributions to 
biological science, for the Theory of Epigenesis, to which it furnished 
substantial support, later became established with modifications as a 
fundamental principle of embryology, particularly through the work of 
von Baer in the nineteenth century. 

In commenting on preformation and epigenesis Whitman (1894) 
emphasizes the fact that the tendency of modern biology has not been to 
show the entire falsity of either or both of these views, but to seek out the 
germs of truth possessed by each, and to relate them to modern biological 
conceptions. “The two views missed the mark by over-shots in contrary 
directions,” says Whitman. The one theory claimed too much preforma- 
tion: everything was preformed at the start. The other theory claimed 
too much postformation: everything was formed anew. Our present 
position, although it excludes both views in their crude original form, 
involves in a new sense both conceptions. When we say that the egg is 
organized, possessing an architecture or mechanism in its cytoplasm or 
nucleus which largely predetermines development, we are making a 
modernized statement of the preformation idea. When we say that the 
parts of the individual arc in no way delineated in the egg, but are mainly 
determined by external conditions during the course of development, 
we are speaking in terms of modern epigenesis. “The question is no 
longer whether all is preformation or all postformation; it is rather this: 
How far is post-formation to be explained as the result of pre-formation, and 
how far as the result of external influences?” When it is borne in mind, 
therefore, that one of the outstanding problems of modern cytology is 
that of identifying the factors involved in the development of an organ- 
ized and highly differentiated individual from an organized but relatively 
undifferentiated egg cell, it is at once evident that our sketch of cyto- 
logical history would be incomxdete without the above reference to the 
early Theories of Preformation and Epigenesis. 
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Early Theories of Cell-formation.— TIk^ rosoiirchos of Hooke, 
Malpighi, and Grew in the seventeenth century had shown that ‘‘cells,” 
or “globules,” arc important structural elements in organisms. When 
attention was again directed to such matters in the eighteenth century 
there was very soon felt a need for a theory which would account for the 
origin of cells. We may briefly review some of the suggestions which were 
offered. 

One of the earliest theories of cell-formation was that put forward by 
Wolff in the Theoria Generationis. According to Wolff, every organ is 
at first a clear, viscous fluid with no definite structural organization. 
In this fluid cavities (Blilschcn; Zellcn) arise and become cells, or, by 
elongation, vessels. These may later be thickened by deposits from the 
“ vsolidescible ” nutritive fluid. The cavities, or cells, are not to be 
regarded as independent entities; organization is not effected by them, 
but they arc rather the passive results of an organizing force {vis essen- 
tialis) inherent in the living mass. Three important points in Wolff’s 
theory should be noted because of the relation they bear to subsequent 
conceptions of the role of cells: the spontaneous origin of the cell, the 
organization of parts by differentiation in a homogeneous living mass, 
and the passive r61c of the cell in this organizing process. This theory 
was adopted in 1801 by C. F. Mirbel (1776-1854), who further believed 
that the cells communicate through pores in their walls. 

K. Sprengel (1766-1833) stated that cells originate in the contents 
of other cells as granules or vesicles which absorb water and enlarge. 
Sprengel’s observations seem to have been very poorly made, for he 
evidently mistook starch grains for the “vesicles” which were supposed 
to grow into new cells. But Sprcngel’s theory was upheld by L. C. 
Treviranus (1779-1864) in a work appearing in 1806, and both men fought 
many years for its support. Kieser (1812) further developed the theory 
that granules in the latex arc “cell germs” which later hatch in the inter- 
cellular spaces to form new cells. 

With a much clearer understanding of the nature of the problems 
involved a number of excellent observations were made by J. J. Bern- 
hardi in 1805, by H. F. Link and K. A. Rudolphi in 1807, and by J. J. P. 
Moldenhawer in 1812. It is to be regretted that the deserved attention 
was not given to their views, for they promised to lead in the right 
direction. 

A number of years later Mirbel, in a work on Marc/ian<m (1831-1833), 
distinguished three modes of cell-formation: (1) the formation of cells on 
the surface of other cells, (2) the formation of cells within older cells, and 
(3) the formation of cells between older cells. The first mode apparently 
represented the budding of the germ tube arising from the spore, while the 
second and third inodes were formulated as the result of a misinterpreta- 
tion of the process of cell-multiplication in growing gemmse. 



INTRODUCTION TO CYTOLOGY 


() 


Hugo von Mohl (1805-1872), in spite of his many valuable observa- 
tions on the growth of algae, in 1835 agreed essentially with Mirbel. He 
made a step in advance, however, when he described carefully for the 
first time the division of a cell. We shall see further on that von Mohbs 
later researches contributed largely to the upbuilding of an adecpiate 
theory of the cell. 

F. J. Meyen (1804-1840) held that there are three fundamental 
forms of elementary organs: cells, spiral tubes, and sap vessels, lie 
noted the wide occurrence of cell-division but did not descril)e the process 
in detail. Meyen apparently made the first attempt to distinguish cell- 
division from the free cell-formation described by previous workers. It 
has been pointed out by Sachs that if this short step had been clearly 
taken earlier the peculiar theory of cell-formation lat(U’ developed by 
Schleiden would have been impossible. Von Mohl also had made obser- 
vations ruling out Schleiden^s idea, but his excessive caution pn^ventxal 
him from making a decisive statement on the subj(*ct. H. J. Dut rochet 
(1776-1847) in 1837 described the body as being composed of solids and 
fiuids, the former being aggregations of cells of a certain degree of firmness, 
and the latter, such as blood, being made up of cells freely floating. He 
believed that although the cell contents may be more or less solid, th(‘ 
highest degree of vitality is coinpatible only with the liquid condition. 
He further recognized muscle fibers as elongated cells. 

To all the above workers the important elementary unit was tlu‘ 
“globule.” It was customary to refer to this conception as th(' Cdobulai* 
Theory, in contradistinction to the curious and fanciful Fibcu’ Th('oiy 
put forth by Halle4' (1708-1777) many years before (1757), according to 
which the organism is made up of slender fibers cemented tog(‘ther 
by “organized concrete.” For some the term “globule” stood for the 
granules seen in the cell contents, whereas for others it meant the c('ll 
itself. As observations multiplied and ideas became more d(*finit(^ th(‘ 
(k*ll Theory of Schleiden and Schwann was more and more distinctly fore- 
shadowed. Before turning to the Oil Theory, however, we must notice 
briefly a few observations which had been made on the c(‘ll conbmts. 

Early Observations on the Cell Contents. — Although the true nature; 
and significance of the contents of cells were not recognized until many 
years later, a number of early investigators had st;en protoplasm and had 
been impressed by certain of its activities. As early as 1772 Corti, and a 
few 3 ^ears later Fontana (1781) saw the rotation of the “sap” in the 
CharaceiB and other plants. After being long forgotten these facts 
were rediscovered by L. C. Treviranus (1811) and G. B. Amici (1819), 
whereupon Horkel, an uncle of Schleiden, called attention to the earlier 
work of Corti. Protoiflasmic circulation of the more complex type was 
discovered in the stamen hairs of Tradescantia by Robert Brown in 1831, 
and other workers, especially Meyen, soon added other cases. 
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During the first tliird of the nineteenth century no name is of greater 
interest to cytologists than that of Robert Brown (1773-1858). Al- 
though he is famous (ihiefly for his great taxonomic monographs and his 
morphological work, he is known in cytology as the man who is usually 
given the credit for the discovery of the nucleus, which he announced 
in 1831. Although it was Brown who was impressed by the probable 
importance of the nucleus, and who concluded in 1833 that it is a normal 
cell element, certain other observers, notably Fontana, who described a 
nucleus in 1781, and Meyen, who saw it in Spirogyra in 1826, should 
share the honor for its discovery. The phenomenon which has since 
been known as “Brownian movement” was seen by Brown in 1827. 

The first period in the development of our subject is seen to have 
been one in which there was a tendency to indulge in speculation to an 
(‘xt('nt quite unwarranted by tlui facts at hand. As we have already 
pointcal out, however, this speculation was of considerable importance to 
us, in that it had to do with (juestions which later becanu' central prob- 
lems of cytology. Carefully made observations were meanwhile in- 
cr(aising in number and varieyt, and the time eventually became ripe 
for the formulation of a t heory which would correlate these data and give 
a definite trend to cytological investigations. Such a theory was soon 
forthcoming. 

The Foundation of the Cell Theory. — The year 1838 marks an epoch 
in the history of biology. In this and the following year Schleiden and 
Schwann founded the Cell Theory, which, in view of its enormous in- 
fluence upon all braiK^hes of biological science, may be regarded as second 
in importance only to the Theory of Evolution. We have seen that cells 
had been observed by various workers during many years, and had been 
n'cognized as being constantly present in the bodies of living organisms, 
hut it remained for Schleiden and especially Schwann to formulate a 
comprehensive theory embracing the known facets and affording a start- 
ing f)oint for further researches. 

The Cell Theory stated primarily that the body is composed entirely of 
cells and their products, the cell being the unit of structure and function 
and the primary agent of organization. Subsidiary to this was Schleiden ’s 
th(a)ry of cell-formation, which should not be confuscid with the main 
thesis just stated. 

Matthias Jakob Schleiden (1804-1881) is one of the most prominent 
and interesting characters in botanical history. He studied law at 
Heidelberg, medicine at Gottingen, and botany at Berlin, where he met 
Schwann and Robert Brown. The association of these men undoubtedly 
meant much to the future of botany and zoology. Eventually Schleiden 
became Professor of Bobany at Jena, where he remained for 23 years. 
Schleiden was famous not merely because of his own work, but chiefly as 
the result of the tremendous impetus which he gave to investigation. 
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lie sought to place botany ()n a scientific footing ecpial to that of physics 
and chemistry, and insisted upon accurate observation and developmental 
studies as the basis of morphology. Sachs says: ‘^Endowed with some- 
what too great love of combat, and armed with a pen regardless of the 
wounds it inflicted, ready to strike at any moment, and very prone to 
exaggeration, Schleiden was just the man needed in the state in which 
botany then was.’’ 

Theodor Schwann (1810-1882) was associated as a student with 
Johannes Muller, the great physiologist, first at Wurzburg and later at 
Berlin. It was in the latter place that he put forth his statement of the 
Cell Theory. Immediately aftc^rward he went to Louvain, where he was 
a profesvsor for nine years, and later transferred to Liege. In disposition 
he contrasted strongly with Schleiden, being described as “gentle and 
pacific.” 

It is said that Schleiden, while dining with Schwann, discussed with 
him some of his ideas regarding cells in plants, which he had been studying 
in his laboratory. Schwann had been making similar observations on 
animals, and after the meal tlie two went to Schwann’s laboratory, where 
they came to the conclusion that cells are fundamentally alike in both 
kingdoms. Schleiden’s treatise on the subject, Beitrdge zur Phytogenesifi, 
appeared in 1838 and dealt mainly with the origin of cells. Robert Brown 
had recently discovered the nucleus, and about it Schleiden built up his 
theory of “free cell-formation,” which was essentially as follows: In the 
general cell contents or mother liquor (“ cytoblastema ”) there arc formed, 
by a process of condensation, certain small granules (later called “nu- 
cleoli” by Schwann). Around these many other granules accumulate, 
thus forming nuclei (“cytoblasts”). Then, “as soon as the cytoblasts 
have attained their full size, a delicate transparent vesicle appears upon 
their surface.” This vesicle in each case enlarges and forms a new cell, 
and, since it arises upon the surface of the cytoblast (nucleus), “the 
cytoblast can never lie free in the interior of the cell, but is always en- 
closed [i.e., imbedded] in the cell wall . . . ” Schleiden thus regarded 
new cell-formation as endogenous (“cells within cells”) rather than the 
result of cell-division. With respect to the main proposition of the Cell 
Theory he says in the opening paragraphs :“ . . . every plant developed 
in any higher degree, is an aggregate of fully individualized, independent, 
separate beings, even the cells themselves. Each cell leads a double 
life: an independent one, pertaining to its own development alone; 
and another incidental, in so far as it has become an integral part of a 
plant. It is, however, easy to perceive that the vital process of the in- 
dividual cells must form the first, absolutely indispensable fundamental 
basis, both as regards vegetable phy.siology and comparative physiology 
in general; ...” 

Schleiden shared the results of his observations, including his errors, 
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with Schwann, who was the one to forniiilate the Cell Theory in a coin- 
|)rchensive manner. Schwann announced the theory in concise form in 
1838, and in 1839 published a very full account under the title ^‘Mikro- 
skopische Untersuchungen uber die Uehereinstimrnung in der Struktur und 
dem Wachsthum der Thiere und Pflanzen” He says: ‘‘The elementary 
parts of all tissues are formed of cells in an analogous, though very diver- 
sified manner, so that it may be asserted that there is one universal prin- 
ciple of development for the elementary parts of organisms, however different, 
and that this principle is the formation of cells." And further: “The 
development of the proposition that there exists one general principle 
for the formation of all organic prodiKdions, and that this principle is 
the formation of cells, as well as the conclusions which may be drawn from 
this proposition, may be comprised under the term Cell Theory . . 

“ . . . all organized bodies are composed of essentially similar parts, 
namely, of cells . . . 

Elaboration of the Cell Theory. — The Cell Theory at once became 
established as one of the main foundation stones of biological research, 
but it underwent considerable modification as investigations proceeded, 
d'he main thesis, that the body’ is composed of cells and their products, 
remained, but other ideas associated with this in the minds of Schleiden 
and Schwann, particularly that concerning free cell-formation, were 
superseded. Soon after the formulation of the Cell Theory its elabora- 
tion was begun by Unger, von Mohl, and Nageli, who based their con- 
clusions on observations of a very high order. Franz Unger (1800-1870), 
in two works appearing in 1844 on vegetable growing points and the 
growth of internodcs, argued for the origin of cells by division. Von 
Mohl, in two treatises (1835, 1844), maintained that there are two meth- 
ods of cell-formation: by division and by the formation of cells within 
cells. He thought the “primordial utricle” (protoplast) must be ab- 
sorbed to make way for the two new ones, or, le.ss probably, the old one 
must divide into two. Like Schleiden, he thought the nucleus must be 
incorporated in the cell wall, but later (1846) concluded that it lies in 
the primordial utricle. It was in his paper of 1846 that von Mohl in- 
troduced the term “protoplasm” in its present sense. 

Carl von Naegli (1807-1891) in 1844 produced an exhaustive treatise 
on the nucleus, cell-formation, and growth. In algte and the micro- 
sporocytes of angiosperms he clearly showed that cells multiply bj'’ 
division, and Schleiden was forced to admit that this might be “a second 
kind of cell-formation.” The continuation of Naegli’s researches in 
1846 completely overthrew Schleiden’s conception of free cell-formation, 
establishing the significant fact that all vegetative cell-formation is by 
cell-division. Many similar observations had been made by Unger and 
von Mohl, but Nageli elaborated a broad theory which took into account 
all of the data at hand. He distinctly defined cell-division and free 
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cell-formation, and showed that what had been taken for th(^ latter was 
only a special case of the former. Nageli’s conclusions were supported 
by new evidence furnished by other investif»;ators, who further demon- 
strated that not only vegetative cells but also those n'prodindive cells 
(in thallophytcs) which Nageli thought in some cases might l^e formed 
freely, originate by a modified process of cell-division. It was now clear 
that cells arise only from preexisting cells, a conception which had been 
emphasized by Rcmak (1841) and which Virchow (1855) expressed in the 
dictum ^^omnis cellula e cellnla.^’ 

Opinions concerning the origin of the nucleus and its role in cell- 
division varied greatly among these workers, reliable observations being 
as yet insufficient to allow the formulation of any definite conclusion. 
In 1841 Ilenle believed with Schleiden and Schwann that the nucleus was 
formed by the aggregation of “elementary granules, “ and that it was not 
constantly present. Goodsir looked upon the nu(‘leus as the reproduc- 
tive organ of the cell. Von Kolliker in 1845 asserted that nuclear divi- 
sion precedes the division of the cell, and Remak, as a result of his 
observations on blood cells in the chick embryo, formulated a definite 
theory of cell-division (1841, 1858). He believed cell-division to be a 
“centrifugal” process: the nucleolus, nucleus, cytoplasm, and cell mem- 
brane were supposed to divide in turn by simple constriction. Just such 
a process, though evidently very exceptional, has been observed at a 
more recent date by Conklin (1903). In describing a case of nuclear 
division Wilhelm Hofmeister (1824-1877) stated that the membrane of 
the nucleus dissolved, the nuclear material then separating into two 
masses around which new membranes were formed (1848, 1849). It was 
generally believed, however, that the origin of nuclei by division was 
of rare occurrence, and that ordinarily the nucleus dissolved just before 
cell-division, two new ones forming de novo in the daughter cells. Von 
Mold (1851), who in the main agreed with Hofmeister, wrote as follows: 

The second mode of origin of a nucleus, by division of a nucleus already 
existing in the parent-cell, seems to be much rarer than the new produc- 
tion of them . . . And again, “ . . . it is possible that this process 
[nuclear division] prevails very widely, since ... we know very little 
yet respecting the origin of nuclei. Naegli thinks that the process is 
(juite similar to that in cell-division, the membrane of the nucleus form- 
ing a partition, and the two portions separating in the form of two dis- 
tinct cells.” 

It was not until many years later, in connection with researches upon 
fertilization and embryogeny, that the behavior of the nucleus in cell- 
division became known in detail, and its probable significance pointed 
out. In 1879 Eduard Strasburger (1844-1912) announced definitely 
that nuclei arise only from preexisting nuclei. W. Flemming was led 
to the same conclusion by his studies on animal cells, and expressed 
it in the dictum '‘omnis nucleus e nucleo'' (1882). (Sec footnote, p. 143.) 
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The Protoplasm Doctrine. -The Cell Theory and all of its corollaries 
\\’ere placed in a new li^lit with the development of a more adecpiatc 
conception of the significance of |)i’o(oplasm. To its discoverers the 
cell meant nothing more than (he wall surrounding a cavity; tlu'y spoke 
only in the vaguest terms of the “juices” present in cellular structures. 
The founders of the Cell Tlu'ory held a position but little in advance of 
this; they observed the cell contemts but regarded them as of n'latively 
slight importance. Kven those who had been impress('d by the phe- 
nomenon of protoplasmic streanung w('r(' not aware of the significance of 
the sul)stance before their eyes. 

Felix Dujardin (1801 IStiO) in 1835 described the “sarcode” of the 
lower animals as a svd)stancc having tlu^ ])roperties of life. Von Mold 
had seen a similar substama^ in plant cells, and in 1840, as noted above, 
he called it “Schleim,” or “Protoplasma,” the latter term having been 
used shortly before by Purkinjc in a somewhat different sense. Niigeli 
and A. Payen (1795 1871) in 1840 r(‘cognized the importance of proto- 
I)lasm as the vehicle of the vital activity of the cell; and Alexander Braun 
( 1805-1877) in 1850 point(*d out that swarm spores, which are cells, con- 
sist of naked protoplasm. An important poiid- was reached when Payen 
(1840) and Ferdinand Cohn (1850) concluded that the “sarcode” of 
the animal and the “protoplasm” of the plant are essentially similar 
substances. In the words of Cohn: 

“The protoplasm of the botanist, and the contractile substance and sarcode 
of the zoologist, must be, if not identical, y(4 in a higli degree analogous sul)- 
stances. Hence, from this point of view, tlie difference betweem animals and 
plants consists in this; that, in the latter, the contra(*tile substance, as a primordial 
utricle,- is enclosed within an inert cellulose membrane, which permits it only to 
exhibit an internal motion, expressed by the phenomena of rotation and circula- 
tion, while, in the former, it is not so enclosed. The protoidasm in the form 
of the ])riniordial utricU; is, as it were, tlu^ animal element in tin* plant, but which 
is imprisoned, and only becomes free in the animal; or, to strip off the metaphor 
which obscures simple thought, the energy of organic vitality which is manifested 
in movement is especially exhibited by a nitrogenous contractile substance, which 
in plants is limited and fettered by an inert membrane, in animals not so.” 

Protoplasm was now studied more intensively than ever. H. A. 
de Bary (1831-1888), working on myxomycetes and other plant forms, 
and Max Sehultze (1825-1874), investigating animal cells, demonstrated 
the correctness of Cohn’s view. The work of Sehultze was. especially 
important in that it firmly established in 1861 the Protoplasm Doctrine, 
namely, that the units of organization are masses of protoplasm, and that 
this substance is essentially similar in all living organisms. The cell, 
according to Sehultze, is “a mass of protoplasm containing a nucleus, 
both nucleus and protoplasm arising through the division of the corres- 
ponding elements of a preexisting cell.” The cell wall, upon which the 
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early workers had focussed their attention, turned out to be of secondary 
importance. The cell was thus seen to b(; primarily the organized 
protoidasmic mass, to which Hanstein in 1880 applied the convenient 
term protoplast. 

Extensive studies on the physical nature of f)rotoplasm were soon 
undertaken by Kiihne (1864), Cienkowski (1863), and de Bary (1859, 
1864); and there later followed the well-known structural theories of 
Klein, Flemming, Altman, and Biitschli. (See Chapter III.) 

Von Mold as early as 1837 held that the plastid is a protoplasmic 
body. The classic researches of Niigeli (1858, 1863) on plastids and 
starch grains laid the foundation for our knowledge of these bodies, which 
was greatly extended in later years by Meyer (1881, 1883, etc.) and 
Schimper (1880, etc.). (See Chapter VI.) 

It would be difficult to overestimate the value, both practical and 
theoretical, of the Protoplasm Doctrine, for its establishment has not 
only led to knowlcdg(' by which the conditions of life have been materially 
improved, but has also been an important factor in assisting man to a 
modern, rational outlook on organic nature, in whi(‘h he has learned to 
include himself. It is not too much to say that th(' identification of 
protoplasm as th(' material substratum of the life processes was one of 
the most significant events of the niiKdeenth (‘entury. The do(;trine 
was furnished with a popular expression by Huxley in his well-known 
essay, The Physical Basis of Life (1868). 

The New Conception of the Cell. —The conception of the cell had now 
developed into something quite different from what it had been in the 
minds of the founders of the (kdl Theory. The cell was now recognized 
as a protoplasmic unit, and the ideas of thes(‘ men concerning the origin 
and multiplication of cells had been overthrown. Future researches 
were to show more (dearly the importance of the cell in connection with 
development and inheritaiu'e, and certain limits were to be set to th(‘ 
conception of the cell as a unit of function and organization. To Schlei- 
den and Schwann the multicicdlular plant or animal appeared as litth* 
more than a cell aggregate, the cells being the primary individualities; 
the organism was looked upon as something completely dependent upon 
their varied activities for all its phenomena. ^‘The cause of nutrition 
and growth,” said Schwann, “resides not in the organism as a whole, 
but in the separate elementary parts — the cells.” This (dementalistic 
conception of the organism as an aggregate of independent vital units 
governing the activities of the whole dominated biology for many years, 
notwithstanding its severe criticism by Sachs, dc Bary, and many other 
later writers who pointed out that, owing to the high degree of physio- 
logical differentiation among the various tissues and organs, the cell 
cannot be regarded merely as an independent unit, but as an intc^gral 
part of a higher individual organization, and that as such the exercise 
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of its functions must be govornod to ii considerable extcuit i)y the; orji^an- 
isin as a whole (Waj^ca). Such diverj»;ence of opinion led to much dis- 
cussion over the (piestion of organic individuality, which remains as 
one of the imjoortant problems of modern biology. 

But in spite of all thes(‘ changes we should not forget the great service 
rendered by Schleiden and Schwann in the formulation of the Cell Theory. 
Huxley (1858) estimated the value of their contribution in the following 
lines: 


“Doubtless the truer a theory is the more appropriate the colligating 
conception — ^the better will it serve its mnemonic purpose, but its absolute 
truth is neither necessary to its us(‘fulncss, nor indeed in any way cognizable by 
th(5 human faculties. Now it ap[)ears to us that Schwann and Schleiden have 
performed precisely this service to the biological sciences. At a time when the 
researches of innumerable guideless investigators, called into existence by the 
tempting facilities offered by the improvement of microscopes, threatened to 
swamp science in minutia*, and to render the noble calling of the physiologist 
identical with that of the ‘putter-up’ of preparations, they stepped forward with 
the cell theory as a colligation of the fa(ds. To the investigator, they afforded 
a clear basis and a starting point for his irniuiries; for the student, they grouped 
immense masses of (hd-ails in a clear ami perspicuous manner. Let us not be 
ungrateful for what they brought. If not absolutely triu', it was the truest 
thing that had been done in l)iology for half a century.” 

Fertilization and Embryogeny. — /n Planls . — Although it was known 
to the ancients that there is in plants something analogous to the sexual 
reproduction seen in animals, ideas of the organs and processes involved 
were very vagu(‘. Like Grew and others in the seventeenth century, the 
botanists of antiejuity were aware of the fact that the pollen in some way 
influences the developmcmt of the ovary into a fruit with seeds. Definite 
proof that the stamens are (to speak somewhat loosely) the male organs 
was furnished in the well-known experiments of R. J. Camerarius (1691). 
But in spite of the excellent work of J. G. Koelreuter (1761), C. K. 
Sprengel (1798), and K. F. Gacrtner (1849), all of whom proved the 
correctness of this conclusion, the idea of sexuality in plants was vigor- 
ously combatted in certain quarters for many years. 

An important step in advance was made when G. B. Amici (1880) 
followed the growth of the pollen tube from the pollen grain on the stigma 
down to the ovule. Schleiden (1887) and Schacht (1850,1858) took up 
the study and made a curious misinterpretation: they regarded the ovule 
as merely a place of incubation for the end of the pollen tube, which they 
supposed to enter the ovule and enlarge to form the embryo directly. 
The work of Amici (1842), Tulasne (1849), and others showed the falsity 
of this notion, but an acrimonious discaission raged about the subject 
for a number of years, Schleiden (1842, 1844) using the most vigorous 
language in support of his position. After Hofmeistcr (1849) had fol- 
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lowed the process with his characteristic thoroughness there could remain 
no doubt concerning the (uror of Schleiden and Hchacht. Hofnieister 
clearly demonstrated that the embryo arises, as Amici contended, not 
from the end of the pollen tube, but from an egg contained in the' ovule, 
the egg being stimulated to development by the pollen tube, lie was 
wrong, however, in supposing that the tube did not open, but that a 
fertilizing substance diffused through its wall. 

It was in the algae that the union of the sperm cell with the (‘.gg cell 
(the act of fertilization) was first seen in the case of plants. In 1853 
Thuret saw spermatozoids attach themselves to the egg of Fucua, and in 
1854 he showed that they are necessjiry to its development. The actual 
entrance of the spermatozoid into tho egg was first obscnwed in 1856 by 
Nathanael Pringsheim (1824-1894) in (Edogoniurn. Th(‘ fusion of the 
parental nuclei was seen by Strasburger (1877) in Spirogyra, but he 
thought they thereupon dissolved. This error was corrected shortly 
afterward by Schmitz (1879), who was thus the first to show clearly that 
the central feature of the sexual process in plants is th(' union of two 
parental nuclei to form the primary nucleus of the new individual. 

That the same process occurs in fertilization in th(‘ higher plants 
was demonstrated by Strasburger, who in 1884 described the union of th{‘ 
egg nucleus with a nucleus brought in by the polkm tube. In 1898 and 
1899 S. Nawaschin and L. Guignard completed the story by dcvscribing 
the phenomenon of double fertilization, whereby the second male nucleus 
contributed by the pollen tube unites with the two polar nuclei to form 
the primary endosperm nucleus. The subsequent work of Strasburger 
and others on the gymnosperms and angiosperms greatly cleared up the 
whole matter of fertilization and embryogeny in these plants. This 
work belongs to the modern period of cytology. 

In Animals , — It is probable that the spermatozoon was first stum in 
1677 by Ludwig Hamm, a pupil of Leeuwenhoek. The credit for th(» 
discovery, however, is usually given to Leeuwenhoek, since it was he who 
bi ought the matter to the attention of the Royal Society and pursued 
such studies further. He asserted that the spermatozoa must penetrate 
into the egg, but it was thought at that tiiiu? and for many years after- 
ward that they were parasitic animalcules in the spermatic liquid; hence 
the name “ spermatozoa.'’ 

Although L. Spallanzani (1786) is usually said to have shown by his 
filtration experiment that the spermatozoon is the fertilizing element, 
it is pointed out by Lillie (1916) that Spallanzani did not draw the (correct 
conclusion: he even denied that the spermatozoon is the active element, 
holding rather that the fertilizing power lies in the spermatic liquid. It 
was Prevost and Dumas who corrected this mistake and demonstrated 
the true role of the spermatozoon (1824). The spermatozoon was later 
shown by Schweigger-Seidel (1865) and La Valette St, George (1865) to 
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bo a oomploto coll with its nucleus and cytoplasm, as von Kollikcr had 
maintained. That Schwann (1889) had been rig:ht in considering the 
egg as a cell was shown by Gegenbaur in 1861. The polar bodies formed 
at the time the egg matures are said to have been first seen by Cams 
(1824). Butschli (1875) showed them to be formed as the result of the 
division of the egg nucleus, and Giard (1877) and Mark (1881) interpreted 
them as abortive eggs. 

The penetration of the spermatozoon into the egg was not actually 
seen until Newport (1854) observed it in the case of the frog. In 1875 
0. ITertwig (b. 1849) announced the important discovery that the two 
nuclei seen fusing in the fertilized egg are furnished by the egg and the 
spermatozoon — by the two parents. The role of the nucleus in fertiliza- 
tion was thus demonstrated in animals only shortly before it was in 
plants, and it is interesting to note that the first complete description of 
the union of the germ cells in animals was given by H. Fol in the same 
year (1879) that Schmitz described clearly the process in plants. It was 
now evident that fertilization in both kingdoms consists in the union of 
t wo cells (gametes), one from each parent (in dioecious forms), and that 
the central feature of the process is the union of the two gamete nuclei, the 
new individual therefore deriving half of its nuclear substance from each 
ptxrent. 

Although th(' cl(‘avag(' of the fertilized animal egg to form the embryo 
had been seen many years previously, it was first definitely described by 
Provost and Dumas in 1824 for the frog. At that time iKuthei the egg nor 
the products of its division were known to be cells. The true meaning of 
cleavag(‘ was elucidated by M. Barry, who held that the blastomercs are 
cells and that their division is preceded by the division of their nuclei, 
and by a number of later writers, including A. von Kblliker, who traccnl 
in d(4ail the long series of changes by which the multiplying embryonic; 
(;ells become differentiated into the various tissues and organs. Panbry- 
ogeny was thus shown to be; a process of cell-division and differentiation, 
the fertilized egg cell initiating a series of divisions giving rise to all the 
cells of the body, and to the germ cells. The life cycle was now recognized 
as a cell cycle'; and since the egg is the direct descendant of the egg of the 
f)revious generation it became evident, as Virchow pointed out in 1858, 
that there has bc'en an uninterrupted series of cell-divisions from the 
beginnings of life on the earth in the remote past down to the organisms 
in existence today. The statement of this conception is known as the 
Law of Genetic Continuity. In the words of Locy (1915) : 

“The conception that there Is unbroken continuity of germinal substance 
l)etween all living organisms, and that the egg and the sperm are endowed with an 
inherited organization of great complexity, has l)ecome the basis for all current 
theories of heredity and development. So much is involved in this conception 
that ... it has been designated (Whitman) ‘the central fact of modern 
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biology.’ The first clear expression of it is found in Virchow’s Cellular Pathology, 
published in 1858. It was not, however, until the period of Balfour, and through 
the work of Fol, Van Beneden (chromosomes, 1883) Boveri, Hertwig, and 
others, that the great importance of this conception began to be appreciated, 
and came to be woven into the fundamental ideas of development. ’ 

The Beginning of the Modern Period in Cytology. — As Wilson (1900, 
p. 6) points out, the great significance of the many facts brought to light 
in the early days of cytology lies in the relation which they bear to the 
Theory of Evolution and to the problems of heredity, though for many 
years this was only vaguely realized. Darwin, aside from his Hypothesis 
of Pangencsis, scarcely mentioned the theories of the (;ell; and not until 
many years later was the cell investigated with reference to these matters. 
Researches on the origin of the germ cells, nuclear division, and fertiliza- 
tion, which brought the Cell Theory and the Theory of Evolution into 
intimate aSvSocu'ation, began shortly after 1870 with the works of Schneider 
(1873), Auerbach (1874), Fol (1875, etc.), Biitschli (1875, etc.), O. Hertwig 
(1875, etc.), van Beneden (1875, etc.), Strasburger (1875, etc.), Flemming 
(1879, etc.), and Boveri (1887, etc.). These men laid the foundations for 
the work which has followed; and their researches, greatly aided by the 
development of new refinements in microtechnique, ushered in modern 
(•ytology. A powerful stimulus to investigation was given when the 
zoologists Hertwig, von Kolliker and Weisrnann, and the botanist Stras- 
burger, concluded independently and almost simultaneously (1884-1885) 
that the nucleus is the vehicle of heredity, an idea which Haeckel had put 
forward as a speculation in 1866. The announcement of this conception 
led to an even more intensive study of the nucleus and of its rcMe in 
heredity, a study which is now in progress, and which, more than any 
other one thing, can be said to characterize the work of our modern period. 
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CHAPTER II 


PRELIMINARY DESCRIPTION OF THE CELL 

In a survey of the evolution of biological science it is noticeable that, 
while diverging lines of inquiry have broadened the field of vi(‘w, the 
attention of investigators, speaking generally, has been directed in turn 
to successively smaller constituent parts of the organism. For many 
y('ars plants and animals were studied chiefly as whoh's. But very 
early there were made many scattered observations on the various or- 
gans and tissues composing the body, and from these relatively crude 
beginnings morphology and histology later arose. Again, when the 
protoplasmic mass which we know as the cell came to be na'ognized as 
th(' unit of structure and of function, it was evident that the problems 
it presents should be investigated to a certain extent by themselves, and 
such investigation is the task of modern cytology. 

Within the field of cytology itself th(‘ focus of attention has gradu- 
ally shortened. While many workers occupied tlumiselves with a study 
of the general behavior of the cell nucleus, others devoted their eiforts 
entirely to an investigation of its important constituent elements, the 
chromosomes. Furth(‘rmore, cytologists at present are much interested 
in knowing whether or not any smaller units, corresponding to the 
“genes’’ of the geneticist, can be directly demonstrated, and wludher 
or not the chromatic granules or “chromomeres” are of significance in 
this respc'ct. 

In the course of all such studies there are encountered (pi(\stions 
which must be referred ultimately to the chomi(;al molecuh's and atoms 
and their interactions within the t!ell, so that biochemistry may in a 
measure be looked upon as a department of cytology, just as it is to be 
regarded in other respects as a subdivision of chemistry. The subject of 
cytology thus occupies an important position in the system of natural 
sciences. It stands with chemistry and physics on the one hand and the 
complex phenomena peculiar to living organisms on thci other; and the 
steady mutual approach of the physico-chemical and biological fields 
is due in large measure to the results of morphological and physiological 
studies on the cell. 

For the term cell we are indebted to Robert Hooke and the other 
microscopists of the seventeenth century, who applied it to the small 
cavities in the honeycomb-like structure which they discovered in plant 
tissues. Today the term denotes primarily the protoplasmic “cell 
contents,” which, strangely enough, the early workers n'garded as an 

2:5 
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The term protoplast, proposed by Hanstein 
t lSSU), IS more appropriate and is coming into more general use, but long 

usage and brevity have probably insured the iiermanence of tlic older 
term. 



Fio. 1. Diagram of the cell, showing its principal constituent parts. 

membrTno nucleolus or plasmosome. C, nuclear 
lini« I ’ 1 . ’ nucleus, filled with karyolymph. E, nutrlear reticulum, composed of 

vacuole"' metaplusmic inclusion. H, chomirio.sonies. 1, 

vacuole. J, tonoplast or vacuolar membrane. K, cytoplasm. L, ectoplast. 


Description of the Cell. — The morphology of the cell will here be 
sketched only in its barest outlines, by way of introduction to the detailed 
descriptions presented in the subsequent chapters. 

The two most constant coml^nents of the cell (Fig. 1) are the 
q/toplasm, in which the other cell organs arc imbedded, and the 
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nucleus^ which at least in many respects is the most inii)()rtant of these 
orgians.^ 

The cytoplasm, a more or less trans[)ar(‘nt, viscous, granular fluid, 
may, with its inclusions, occuf)y the whole volume of the c(‘ll. This is 
generally true of animal cells and the younger cells of plants. If the 
cell is vacuolate, as is usually the case in the mature plant cell, the 
cytoplasm may constitute only a thin layer lining the wall, the central 
vacuole with its cell sap often far exceeding it in votunie (Fig. 2, C). 



Fig. 2. 

A~C, diagram of a plant cell in three stage.s of development: the vacuoles increase in 
volume and the protoplasm hocome.s limited to the parietal region. D, cell of stamen hair 
of Tradcscanlia, showing streaming movements in the cytoj)lasmic strands. F, paren- 
chyma cell from cortex of Polyyonella, showing nucleus, plastids, and scanty cytoplasm. 


In many cases the cytopdasm forms a system of anastomosing strands that 
often show active streaming (Fig. 2, D). Externally the cytoplasm is 
limited by a layer of different consistency, the plas7n<i niemhra7ie, or 
ectoplast. Where it comes in contact with the enclosed vacuole it is also 
limited by a membrane, the vacuole 77ie7rihrane, or to7ioplast. 

The nucleus is bounded by a nwe/mr 77i€77ibrane and contains an 
extremely clear fluid, the nuclear sap, or kaiijoly7nph. In the karyo- 
lymph is imbedded the nuclear reticulum, (composed usually of Imin, an 
achromatic supporting material, and chro7natin, the ‘‘nuclear substance 
par excellence.” One or more true nucleoli, or plasmosomes, are commonly 
present in the nucleus, and may or may not be closely associated with 
the reticulum. There are often present also chromatin nucleoli, or karyo- 
sornes, which represent accumulations of chromatin at certain points on 
the reticulum, and should not be confused with the true nucleoli. 

^ According to the older usage the extra-nuclear portion of the protoplast was 
called “protoplasm," which was unfortunate because we now know that the nucleus 
also is composed of protoplasm, or living substance in its broader sense. It is now 
the general custom to avoid this ambiguity by employing Strasburger’s terms cytoplasm 
and nucleoplasm {karyoplasm, Flemming). The older usage, however, has not been 
entirely superseded. 
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There are usually plmtida of one or more kinds in Mie cytoplasm, 
the most conspicuous in plant cells heinji; the jijretm chloroplasts. 

A centroaome is present in the majority of animal cells and in those of 
certain lower plants. It may occupy the center of a visibly differentiated 
region, the ceritro sphere or attraction sphere, and at the time of cell- 
division is the focus of a conspicuous system of radiating astral rays, 
collectively known as the aster. 

Chondriosonies have now been demonstrated in the cells of nearly all 
plant and animal groups. These are minute bodies having the form of 
granules, rods, or threads, and apparently constitute a group of mateilals 
having various functions. 

Metapkismic inclusions are accumulations of food materials and 
differentiation products that are relatively passive. These non-proto- 
plasmic bodies may exist in the form of droplets or crystals, and those 
whi(di are not transitory or n^serve food mat(‘rials ai)parently play a very 
minor role in the life of the cell. 

Strictly speaking, the cell wall as at present understood is not a part 
of the cell f)roper, or protoplast, but is rather regardcal by many as a 
secretion of the latter. In many cells, particularly those of animals and 
the motile cells of alga? and flagellates, it may be absent. 

The foregoing is a bare sketch of the general strindun' of a '‘typicar’ 
cell. It is scarcely necessary to point out that the (;ell should not be 
thought of as a static thing with a permanent physical structure: it is 
rather a dynamic system in a constantly changing state of molecular 
flux, its constitution at any given moment being dependent upon ante- 
cedent states and upon environmental conditions. As stated by Moore 
(1912), “the living cell may be regarded, from the physico-chemical 
point of view, as a peculiar energy transformer, through which a continu- 
ally varying Hux of energy ceaselessly goes on, and the whole life of the 
cell is an expn'ssion of variations and alterations in rates of flow of 
energy, and of swings in the balance between various forms of energy.” 
In the words of Harper (1919), th(‘ cell is a colloidal system in which the 
various processes have become progressively localized in c(;rtain regions, 
with the resulting formation of organs, which, with the increasing con- 
stancy of the processes involved, have come to possess a permanence 
and individuality of their own. In view of the spatial relationship and 
definite physiological integration of the various components of the cell, 
we are to look upon the cell not as a mere mixture of complex substances, 
but as a definitely organized system. 

The Differentiation of Cells. — It is a striking fact that in spite of 
many minor variations the fundamental structure of the cell is essentially 
similar in nearly all living organisms, and in all the kinds of tissues 
which go to make up the body of any one of them. As Harper (1919) 
remarks, “evolution as we know it has not consisted in the production 
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of new typos of protoplasmic structure or cellular or^anizatiou, but in 
the (levelopment of constantly ^:rcater specialization and division of 
labor between larj»;or and lar^c'r groups of cells.” Oiu' obvious rc'ason for 
the fundamental similarity of the cells of widely different tissues is found 
in the fact that all of them are derived by progressive modification from 
relatively undifferentiated ‘‘embryonic” or “meristematic” cells during 
the course of the ontogeny. In a young vascular plant, for exam])le, 
definite regions {meristems) consisting of such cells are present in the 
root tip and stem tip, and, at a later stage of development in many 
cases, in the cambium also. As a general rule these meristematic cells 
n re without large vacuoles or other conspicuous products of different iation, 
and arc separated by no intercellular spaces. They undergo successive 
divisions very rapidly (hence the use of root tips for the study of mitosis) ; 
and while some of the products of division become greatly modified in 
structure in connection with their specialization in function, others 
r(‘tain their embryonic or meristematic character and continue to product'! 
new c(‘lls from wliich new tissues are built up throughout the lif(! of the 
plant. 

In the bryophytes and pteridophytes the meristematic activity of the 
apex (root tip or stem tip, or apical region of thallus) usually centers in 
a single “apical cell” of definite shape, which cuts 
off segments (daughter cells) from its various faces 
with great geometrical regularity. In the Mar- 
chantialcs and Anthoceros the apical cell is cuneate 
(wedge-shaped) and forms segments from four of 
its faces; in the anacrogynous Jungermanniales 
it is sometimes cuneate but more often dolabrate 
(ax-shaped) and produces segments from its two 
lateral faces; and in the acrogynous Jungermanniales 
and mosses it has the form of a triangular pyramid, 
cutting off segments from its three lateral faces. 

This last type is found also in the pteridophytes : 
in the stem tip it produces segments from its three 
lateral faces, whereas in the root tip, in addition 
to these three series of segments, it cuts off from its 
distally directed face a fourth scries, which becomes 
the tissue of the root cap (Fig. 3). In the higher vascular plants there 
is no single cell characteristically different from the others of the apical 
meristematic group. 

Most of the visible characters which ordinarily serve to distinguish 
the various kinds of differentiated cells of the vascular plant are found 
in the cell wall rather than in the protoplast itself; strictly speaking, 
such characters are histological rather than cytological. Thus we have, 
besides meristematic and little modified parenchymatous cells (Fig. 2, 



Fi(j. ',i . — LoiiKitudiniil 
section of the root tip of 
Osrnundd, showiii^ the 
triangular pyramidal 
apical cell. X 144. 
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E), a number of other types, such as tracheitis, vessels, wood fibers, 
selerenchyma fibers, and sieve tubes (Fi^;. 4), all of which are characterized 
by the peculiar ways in which their walls become modified throuj»:h sec- 
ondary and tertiary thickenings, and by the form and arrangement as- 
sumed by the pits. (See p. 191.) The proto|)lasts may finally disappeai* 
completely from wood c(‘lls, leaving a tissue or framework composed of 
lifeless cell walls. 



Fio. 4. — Differentiated cells from vascular plants. 

A, wood fiber with thickened wall. B, C, portions of tracheids with spiral and annular 
thickenings. I), pitted tracheid. E, portion of sieve tube with adjacent companion cells. 
F, face view of sieve plate shown in section in E. 


All of this variety of form and structure is conditioned by varied 
functional activity on the part of diff(u-cnt t)rot()j)la8ts: in the process of 
(!ell diffenmtiation morphological and physiological changes stand in the 
closest relationship. All functional differences are accompanied by 
chemical or physical differences of some sort in the protoplasm, but it 
is mainly in the non-protoplasmic inclusions and secretions (including 
the wall) rather than in any conspicuous structural changes in the 
protoplast itself that cell differentiation is rendered visible in the case 
of plants. Apart from differences in shape, amount of vacuolar material, 
accumulated food, and other products of differentiation (see p. 133), 
protoplasts performing widely different functions may appear much alike. 

Structural differentiation in connection with division of labor is very 
striking in animal cells which are destitute of such walls as plant cells 
possess. The muscle cell shows many fine longitudinal fibrillae .which 
have to do with the cell’s power of contractility. In certain muscles 
these fibrillsB are so segmented that the whole cell, or muscle fiber, has a 
transversely striped appearance (Fig. 5, F). The nerve cell (Fig, 5, 
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Fig. f), — Nerve and muscle «‘ells of animals. 

.1, diagram of a tyincal neuron: a, axis cylinder proces.s or axon, (Miding in arborescent 
system; d, dendrites. {After Obersteiner and Hill.) li, cell from human spinal cord, 
X 75. {After Obersteiner and II ill.) C, nerve cell from the eye. {After Lenhoss^k.) D. 
Nerve cell from the earthworm. {After Kmealski.) hJ, young voluntary muscle cell. 
F, portion of mature voluntary mu.scle cell, showing striation.s. O', Involuntary muscle 
cell from inle.stine. {F-(i after Piersol.) 




Fio. 6. 

A, connective tissue from the jelly fish, showing branching cells and elastic fibers 
imbedded in gelatinous matrix. {After Lang.) B, cells of hyaline cartilage imbedded 
in their secretion. C, blood cell from chick embryo. 
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A-D) typically ))osscsses a sinj»:le iinbraiiehcd prolongation (axon) and 
one or more others (dendrites) which often become very elaborately 
branched, especially in th(i ganglion cells of the spinal cord and brain. 
The cytoplasm of th(‘ nerve cell contains fine fibrils, and also granules 
of chromatic “Nissl substance.” (-ells specialized in connection with 
motility, such as speiniatozoa (Fig. 103) and the cells of certain epithelial 
tissues (Fig. 30), show complex structural modifications not only in the 
flagclhe, cilia, and ciiri which they bear (p. 45), but also in the other 
c(‘ll organs with which the activities of the\se motile structures are closely 



F|(J. 7. — ParairKteiurn caudatiun. ScniiduiKniinnintic fiKuro ahf>wiiiK iiriricipal piirts. 

C. V., contractile vacuoles, T, trichocyst. jV, n, iiicKa- and inicronncUn. P, ])eri- 
sn)inial groove, M, mouth. O, ojsophaK'i^* with uiululatinK rnornhraia*, U. M. F. V., 
food vacuoles, (After Laufj.) 


connected. (See Chapter IV.) Secretory ctdls are often distinguishable 
not only by the accumulations of secretion products in their cytoplasm, 
but also by the peculiar forms assumed by their nuclei (Fig. 17, A, C). 
The cells of connective tissue (Fig. 0,^1) form many long interlacing pro- 
cesses and lie in a supporting matrix which represents their secretions, 
('artilage and bone cells (Fig. 0, B) an; likewise imbedded in their secre- 
tions, which are here produced in relatively enormous amounts and, where 
present, constitute the main supporting framework of the body. 

We thus see that the life of the complex multicellular organism is 
dependent upon the correlated activities of a multitude of cells per- 
forming many diverse special functions. It is a remarkable fact that 
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all of the functions delegated, as it were, to different cells (contractility, 
motility, mechanical support, the reception and conduction of stimuli, 
secretion, and excretion), as well as those general functions common to 
all cells (nutrition and reproduction by division), may in the protozoa 
and protophyta be carried on within the limits of a single cell. Such a 
cell as, for example, the body of a Pararn(Ecium (Fig. 7), exhibits a cor- 
responding regional differentiation in structure, certain functions being 
localized in definitely developed organs. Differentiation is therefore 
something which, fundamentally, does not require multicellular struc- 
tun^ for its expression; in fact the most important single step ever takxui 
in differentiation was that which set apart nucleus and cytoplasm, giving 
th(‘ type of organic unit common to all subsecpiently evolved organisms. 
It is further evident, however, that the evolution of the higher organisms 
has unquestionably been very largely conditioned by the multicellular 
state, and has involved a progressive division of labor in a very real sense. 
The many functions of ii single cell have become distributi'd among a 
number of cells in such a way that there has been produced a harmonious 
whole which is efficient, adaptable, and progressive to a degree not other- 
wise attainable. 
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PROTOPLASM 

In his famous ossay on protoplasm in J868 Huxley very fittingly 
referred to it as “the physical basis of life.’’ With a realization of the 
full significance of this phrase there comes the conviction that protoplasm 
is the most interesting and important substance to which we can turn our 
attention, for with it the phenomena of life, in so far as we know them, 
are invariably associated. 

In spite of the enormous amount of work which has been done upon 
protoplasm during many years, our knowledge of it must still be regarded 
as very superficial and fragmentary. We can scarcely yet say definitely 
that a given kind of protoplasm is not a single complex chemical com- 
pound, as is held by one prominent school of biochemists: all ordinary 
analysis seems to indicate that it represents a somewhat looser combina- 
tion of substances, many of which are in turn very elaborate in composi- 
tion; and further that these substances probably differ from those found 
elsewhere not in any fundamental manner, but only in the d(;gr(‘e of their 
complexity. Proteins, fats, crystalloids, water, and other compounds 
make up protoplasm, but protoplasm is not a mere mixturii of thes(^ 
materials; it is organized — it is a system of complex substances, the 
activities of which arc fully coordinated. Only if we recognize in pro- 
toplasm an organization can we conceive of it as a physico-chemical 
substratum for those peculiar orderly activities characterizing living 
substance, namely, synthetic metabolism, reproduction, irritability, and 
adaptive response. 

Physical Properties. — Certain early ideas regarding the physical 
nature of protoplasm may be briefly reviewed at this point. 

Protoplasm appeared to its earliest observers merely as a colorless, 
viscid substance containing minute granules. Two general opinions 
.soon d(?veloped: some held that protoplasm consists of but a single fluid, 
whereas others regarded it as a combination of two fluids. Briickc 
(1861), who was one of the first to lay emphasis on the fact that pro- 
toplasm is an organized substance, looked upon the cell body as a con- 
tractile, semi-solid material through which there streams a fluid carrying 
granules. Similar to this was the idea of Cienkowski (1863), who be- 
lieved he saw in the protoplasm of inyxomycctes two fluids, one of them 
hyaline and only .semi-fluid (the “ground substance”), and the other 
a more limpid fluid with granules suspended in it, De'Bary (1859, 
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1804), on the other hand, regarded protoplasm as a single semi-fluid sub- 
stance, contractile throughout, but showing many local differences due to 
varying water content. To this general view the work of Hanstein 
(1870, 1880, 1882) lent support. 

Much more prominent have been the structural theories associated 
with the names of Klein, Flemming, Altman, and Biitschli, and known 
respectively as the ‘‘reticular,” “fibrillar,” “granular,” and “alveolar” 
theories. 

The reticular theory, which was formulated by Fromman (1805, 
1870, 1884), was developed especially by Klein (1878--9) and supported 
by van Beneden, Carnoy, Leydig, and others. These workers saw in 
protoplasm a reticulum or fine network of a rather solid substance 
(spongioplasm) , which holds a fluid and granules in its meshes. This 
view was adopted for a time by Strasburger. 

The fibrillar, or filar, theory, announced by Velten (1873-0) as a 
1 ‘esult of his observations on Tradescantia and other forms, stated that 
protoplasm is composed of fine fibrils, which, though often branched, 
do not form a continuous network. This idea was developed mainly by 
Flemming (1882), who called the substance of the fibrils mitome and the 
fluid bathing them paramiiome. Some observers asserted that the fibrils 
are in reality minute canals filled with a liquid, the granules seen by 
oth('rs being merely sections of these canals. An extreme view was that 
of Schneider (1891), who thought the entire cell might consist of but a 
single greatly convoluted filament. 

To the followers of the reticular and fibrillar theories the fluid held 
betweem the fibers was known variously as ground substance, enchylema 
(Hanstein 1880), hyaloplasma (Hanstein), paramiiome, and inter-filar 
substance. The granules were known generally as microsomes (Hanstein). 

A(!cording to the granular theory protoplasm is a compound of in- 
numerable minute granules which alone form the essential active basis for 
the phenomena exhibited; the observed fibrillar and alveolar structures 
are of secondary importance. Martin (1881) held that fibrils and net- 
works are due entirely to certain arrangements of these granules, or 
microsomes. Pfitzner (1883) pointed out that the granules are semi- 
solid and float in a more fluid ground substance. For Altman (1886, etc.), 
who was the most prominent exponent of the theory, the granules were 
actual elementary living units, or bioplasts, the liquid containing them 
being a non-living hyaloplasm. The cell was therefore looked upon not 
as a unit, but as an assemblage of bioplasts, “like bacteria in a zoogloea,” 
and the bioplasts were believed to arise only by division of others of their 
kind {o7nne grariulum e granulo!). 

The alveolar theory, also known as the epaulsion, or foam, theory, was 
elaborated principally by Butschli (1882, ^etc.), and is of special interest 
in view of our present-day notions of protoplasmic structure. According 
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to Biitschli protoplasm consists of minute droplets (averaging Ijj. in 
diameter) of a liquid “alveolar substance'^ (enchylema) suspended in 
another continuous liquid “interalveolar substance.’’ The structure 
is therefore that of an extremely fine emulsion, and the appearances 
described by other workers are due to optical etfects encountered in 
examining the minute alveolar structure. Biitschli supported his theory 
by making artificial emulsions with soaps and oils which showed amoeboid 
movement and other striking resemblances to living protoplasm. 

The above four theories have been termed “monomorphic theories,” 
for the reason that each of them stated that protoplasm has a single 
characteristic physical structure. Strasburger in 1892 and thereafter 
maintained that the protoplast is regularly o*omposed of two portions; 
an active fibrillar kinoplasm, concerned primarily with the motor work of 
the cell, and a less active alveolar trophoplasm^ chiefly nutritive in func- 
tion. It was shown by von Kolliker, Unna (1895), and others, niorcov('r, 
that on(3 type of striictun' may be transformed into another. Flemming 
later adopted the view that no single type characterizes protoplasm, but 
that the latter may be homogeneous, alveolar, fibrillar, or granular — 
i.e,, it is “polymorphic.” Wilson (1899) found that all four states are 
successively passed through in the echinoderm egg. This observation, 
which was made upon both living and fixed material, showed in a striking 
manner the colloidal nature of protoplasm (see below), since it is now 
known that colloids may assume very diverse structures under the in- 
fluence of changing environmental conditions. The work of A. Fischer 
(1899), who treated non-living proteins with cytological fixing reagents 
and so produced artifacts similar to alveoliB, reticula, and granules, should 
make one cautious in drawing conclusions regarding protoplasmic 
structure from fixed material. It should be understood that the only 
trustworthy observations are those which are made at least in part on 
living material, for it is not difficult to discover all four types of struc- 
ture in prepared slides: the protoplasm has there been coagulated by 
fixing reagents, and we know that in the coagulation of such substances 
as compose protoplasm an entirely new structure may be assumed. 

Protoplasm as a Colloidal System. — For adequate reasons it is now 
customary to speak of protoplasm in terms of the physics and chemistry 
of colloids. Colloids are those glue-like substances which are uncrystal- 
line, semi-solid, and very slightly or not at all osmotic. They have a 
high surface tension, coagulate readily, and conduct the electric current 
very poorly. They are “disperse heterogeneous sytems, i.e., they consist 
essentially of particles larger than molecules of a substance or substances 
in a medium of dispersion which may be water or some other fluid” 
(( /hild 1915^. The particles range in size from those visible to the naked 

‘ These paragraphs on colloids are based largely upon the convenient summary 
given by Child (1915, pp. 20 fT.). See also CzapekA19116), Bayliss (1915), Hatschek 
(1916), Bechhold (1919), and Robertson (1920). 
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eye down to sinjrle molecules and ions. In the lat ter case we have a true 
solution: between colloid and crystalloid the line of demarcation is thus a 
purely arbitrary one. In many cases the suspended particles are too 
small to be seen with the ordinary microscope, which will not render 
visible a body with a diameter less than about 0.20 to 0.25 //.; but with 
the ultramicroscopc, which will reveal particles about om'-fortieth of 
this size, they may be clearly seen. Aj^ain, the ultramicroscope is insuffi- 
cient in the case of certain colloids, in which the pre.sence of suspended 
particles can still be shown, however, ])y the Tyndall effect (a milky 
appearance when a beam of lig:ht is passed through them). Most proto- 
plasmic colloids are of this last type. 

In a colloidal solution the particles are separate from one another, 
(sol), whereas in the denser ‘‘set” condition (gel) they are more closely 
aggregated and hence not free to move upon one another. A colloid 
may be made to pass from the sol to the gel state or vice verm; in some 
cases tliis change is reversible, but in otlu^rs it is not. 

Colloids are usually classified as suspensoids and emulsoids. Sus~ 
pensoids, in which the particles are solid, arc comparatively unstable; 
are readily precipitated or coagulated by salts; carry a constant electric 
charge of definite sign; are not viscous; do not show a lower surface 
tension than that of the medium of dispersion alone; and are mostly 
only slightly reversible. Emulsoids, in which the suspended partich's 
arc fluid, are comparatively stable; an^ less readily coagulated by salts; 
are either [)ositively or m'gativcly charged; are usually viscous; hav(‘ a 
lower surface tension than tlie iiKMlium of dispersion; form surface imun- 
brancs; and arc highly reversible. Most organic colloids are emulsoids, 
and there can be no doubt that many of th(‘ characteristics of living or- 
ganisms are due to their presence. 

In an enudsion each physically homogenous constituent is known as 
a phase. In mayonnais(* dressing, to cite a familiar example, there arc 
three phases: a water phase, consisting of water and substances dissolved 
in it; an oil phase; and a protein phase (egg). These three physically 
diverse substances are brought into the emulsified state by beating; one 
of them is the medium of dispersion (external phase) and the others 
(internal phases) are suspended in it as liquid particles or drt)plets. In 
such an emulsion a given phase usually consists of more than one chemi- 
cal substance: the water phase, for example, is not pure water, but an 
aqueous solution of salts and other water-soluble substances. These dif- 
ferent chemical substances, including the solvent, which make up a single 
phase, are known as components. 

It is shown by certain investigators (Bancroft, Clowes) that the drop- 
lets of a suspended phase in a stable emulsion are bounded by films of 
different constitution : between the phases of an alkaline water-oil emul- 
sion, for example, there appear to be delicate films of a soapy nature. 
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These films not only prevent the coalescence of the droplets, but also, 
through alterations in surface tension, influence the transposition or 
inversion of phases which occurs under certain conditions, whereby the 
suspended phase becomes the medium of dispersion and vice versa (Fig. 
8). Such inversion probably plays an important role in many cases of 
transformation of sol into gel and of gel into sol. 



Fui. S. — of u colloidal eniulHion, illustrutinK transformation of emulsion of oil 

in water to emulsion of water in oil. 

A, aqueous phase. B, oil or other non-aqueous pha.se. C, .surface film of soap or other 
dispersing? aj?ent. {After Clowes, 1916.) 

The prop<u-ties and behavior of colloidal sul)stances in general appear 
to be due primarily to the enormous extent of the reacting surfac^fi b('- 
tvveen the constitiumt phases which results from the finely divided states 
of one or more of them. In the accompanying table is shown the amount 
of surface which a given mass of matter may expose when subdivided 
into successively smaller particles. 

Table Hhowino the 1ncrea.se of Surface with the Subdivision of 1 c.c. of 

Matter in the Form of a Cube (Data Partly from Hat.schek, 1919.) 

Length of edge of cube j Number of cubes Total surface expo.sed 


1 

1 cm. 

• 1 

6 sq. cm. 

1 mm. 

1,000 

j 60 sq. cm. 

IOOm 

10« 

600 sq. cm. 

lOu 

w 

' 6,0(X) sq. cm. 

1m i 

10>2 

6 sq. m. 

lOO/iM 

10>5 

60 sq. m. 

lO/XM 

10«» 

600 sq. m. 


1021 

6,000 sq. m. 


The evidence at hand supports the view that protoplasm is essentially 
a colloidal solution of the emulsion type. It consists of at least three 
principal phases : a water phase, containing a number of dissolved compo- 



PROTOPLASM 


37 


nonts; a fat phase, consisting of fats and fat-soluble components; and a 
complex protein phase. Since the water phase is here the medium of 
dispersion protoplasm is classed as a “hydrosor’ in its ordinary state, 
or as a “hydrogel’’ in the set condition. There are doubtless additional 
minor phases present, protoplasm being in reality a “complex polyphase 
colloidal system.” 

The presence of water in protoplasm is a matter of fundamental im- 
portance. As emphatically stated by Henderson (1913), “ . . . the 
physiologist has found that water is invariably the principal constitu- 
ent of active living organisms. Water is ingested in greater amounts 
than all other substances combined, and it is no less the chief excretion. 
It is the vehicle of the principal foods and excretion products, for most 
of these are dissolved as they enter or leave the body [across the wall of 
the intestine and across the epithelia of kidneys, lungs, and sweat glands]. 
lnd(‘ed, as clearer ideas of the physico-chemical organization of proto- 
plasm have developed it has become evident that the organism itself is 
essentially an aqueous solution in which arc spread out colloidal sub- 
stances of great complexity [Bcchhold 1912). As a result of these condi- 
tions there is hardly a physiological process in which water is not of 
fundamental importance” (pp. 75-77). 

The amount of water in protoplasm varies greatly under different 
conditions, but normally it is present in large proportions. It makes up 
85 to 95 per cent of the weight of actively streaming protoplasm such as 
is seen in Elodea and Tradescantia, and in actively functioning cells it 
rarely drops below 70 per cent. In dry spores, however, it may be^ 
reduced to 10 or 15 per cent, in which case the protoplasm becomes very 
viscous. The percentage differs constantly in different parts of the cell; 
nucleus, cytoplasm, and plastids, though all are composed primarily of 
protoplasm, contain very different amounts of water. Since active pro- 
toplasm is a liquid, the phenomena of surface tension and other properties 
of liquids must enter largely into explanations of its behavior. 

The colloidal nature of protoplasm is manifested in many of its prop- 
ei ties. Its power of adsorption, which lies at the basis of many cell 
reactions and certain staining processes, is similar to that of other 
colloids. Protoplasm, like other colloids, is semi-permeable: a serni-per- 
meable region is probably present wherever protoplasm comes in contact 
with other substances, such as water; and the permeability of a vacuolate 
cell is in general the resultant of the permeabilities of the ectoplast, 
cytoplasm, and tonoplast. 

Protoplasm shows most strikingly its colloidal character in the changes 
of physical state which it undergoes as the effects of variations in the 
external conditions. The alterations due to changes in temperature will 
serve for illustration. Above a certain temperature the colloid gelatin 
exists in the sol state — it is a hydrosol. If the temperature is sufficiently 
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lowered the gelatin sets’' — it becomes a hydrogel. This setting is a 
reversible process: if the temperature is again raised the sol state is 
resumed. On the contrary, egg albumen is a hydrosol at ordinary 
temperatures and becomes a hydrogel when heated; in this case the 
change is an actual coagulation and is not reversible. Many of the 
colloids of the cell are of this non-reversible type. ‘‘The evidence that 
in this colloidal condition the transition from liquid to solid, from 
sol to gel, tends especially to pass into an indefinite series of gradations 
gave a basis for the explanation of that mixture of the properties of solids 
and liquids which has puzzled students of protoplasm” (Harper 1919)., 
Protoplasm is thus easily coagulated, not only by a high temperature, 
but by a variety of chemical substances. The “fixation” of the cell 
structures by the reagents employed in cytological technique is primarily 
a coagulation phenomenon, and in the act of coagulation a substance, 
especially one as complex as protoplasm, undergoes an alteration in 
physical structure. Although such fixing fluids preserve very well the 
general structure of the cell, the effects of coagulation should always be 
borne in mind in interpreting finer details in preparations of fixed cells, 
and in evaluating the results of those who have made special studies on 
the ultimate structure of protoplasm. 

Microdissection. — Much has been add(‘d to our knowledge of the 
physical nature of protoplasm in recent years through mi(U'odiss('ction. 
Certain workers, notably Barber (1911, 1914), Kite (1913), Cfliambers 
(1914, 1915, 1917, 1918), and Seifriz (1918, 1920) have developed a 
t(‘chnique (fully described by Barber 1914, and Cfliambers 1918)' whereby 
they have been able to dissecd- living cells urnhu* the high powers of the 
microscope, thus opening a most {)romising field for investigation. Kit(‘, 
working on the cells of several plants and animals, found that protoplasm 
exists in the form of sols and gels of varying consisttmey, that of plant 
cells being as a rule more dilute and less rigid t han that of animals. The 
cytoplasm is commonly somewhat more viscous than is usually thought, 
having the consistence of a “soft gel,” while the nucleus may often be 
surprisingly firm. (See Chapter IV.) 

(diambers (1917), who gives a convenient bibliography of the subject, 
states that in the early germ cells and eggs of certain animals the proto- 
plasm is in the sol state with a surface layer in the gel state, whereas 
adult cells are usually gels. He further asserts that the surface gel is 
readily regenerated after injury, a new gel film being formed over the 
injured area. As regards the structure of protoplasm, he finds it to 
consist of a hyaline fluid carrying microsomes and macrosomes, which 
measure less than 1//. and from 2 4g in diameter respectively. Upon dis- 
organization the macrosomes, which are more sensitive to injury than 
are the microsomes, swell and go into solution, while the hyaline fluid 
flows out and mixes with water or coagulates, forming a reticular or 
granular structure. 
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Seifriz (1920) has investigatod with care the viscosity of the proto- 
plasms of a number of myxomycetes, pollen tubes, protozoans, 

and cchinoderm eggs. He finds the degree of viscosity to vaiy widely, 
from a very watery to a fairly rigid gel condition, not only in th(' different 
organs of the cell but also in tht^ protoplast as a whole at different stage's 
of its development. He warns against accepting viscosity alone as an 
index of the gel or sol state of the protoplasm, since it is physical structure 
and not viscosity which determines these states in an emulsion. 

It is to be hoped that the methods emidoyc'd by the' above investi- 
gators will be further developed and applied more widc'ly, for thi’ough 
them many misconceptions will undoubtedly be corrected. 

It should be evident from all these considerations that there is prob- 
ably no sinlge visible struetun* characteristic of protoplasm at all times. 
Any fundamental structui'e which it may have remains to be dis(‘overed 
in the ultramicroscopic constitution of the colloids and othei’ materials 
of which it is composed, jind in th(‘ f)hysi(*al relations which these bear 
to one^ another. It should be pointed out, however, that in the idea of 
protoplasm as a complex colloidal emulsion we have the best hypothesis 
yet offered as a l)asis for the interpretation of the behavior of living 
substance. 

Chemical Nature of Protoplasm. — C'hemically, as well as physically, 
protoplasm is exceedingly complex, and the study of its constitution has 
opened a field of research which is continually broadening. Only a brief 
summary of some of the more important chemical facts vim hv presented 
here; for more detail(;d accounts s|)ecial works on the subjecd, must b(^ 
consulted.^ 

As already pointed out, the substances of which protoplasm is (!om- 
pos(Ml are probably not fundamentally different from those found else- 
wlien', but show rather a greater complexity and a high dc^gree of 
organization. Protoplasm is an intricately organized system of water, 
proteins, enzymes, fatty substances, carbohydrates, salts, and otlu'r 
minor (!onstituents. The often cited analysis by Ib'inke and Ilodewald 
(1881) of the niyxomycet(' /Ethaliuni aepticum (Fulujo) show('d the proto- 
plasm of this form to have the following composition: 


PkK CKNT UUY WKICIUT PkK CKNT Da<Y WKUIHT 


Proteins 

. , 40 

Cdiolesteriii (lipoid ) 

. 2.0 

Albumins and enzymes. . . , 

.. 15 

(/U salts (except (’a(H)»). . 

. . 0.5 

Otlier N compounds 

2 

i)th(‘r salts 

() 5 

Carbohydrates 

. . 12 

Resins 

1.2 

Fats 

. . 12 

Undetermined 

. 6.5 


The protein matter of protoplasm exists in relative complex fornis. 
“The chief mass of the protein substances of the cells does not consist of 

‘ See especially the books of Hanimarsten (1909), Wells (1914), Czapek (1915), 
Bayliss (1915), Mathews (1916), Palladin (1918), Robertson (1920), and the review by 
Zacharias (1909). 
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proteids in the ordinary sense, but consists of more complex phosphorized 
bodies . . . (Hammarsten). Such ^‘phosphorized bodies'^ are the 
nucleo-proteins, which are “probably the most important constituents 
of the cell, both in quantity and in relation to cell activity” (Wells). 
A long series of chemical investigations beginning with the pioneer work 
of Miescher, Hoppe-Seyler, and Reinke, have shown that these nucleo- 
proteins are essentially combinations of nucleic acid with proteins, or 
sometimes with the simpler histones or the still simpler protamines. 

The nucleus as a rule is free from or very poor in iincornbined carbohy- 
drates, fats, and salts, but is characterized rather by the abundance of a 
nucleo-protein called nuclein, isolated in 1871 by Miescher, who gave it the 
formula C29H49N9P3O22. It was shown by Altman (1889) that niiclcin, 
like the other nucleo-proteins, could be split into two substances: nucleic 
acid and a form of albumin (protein), the two existing in chemical com- 
bination like an ordinary salt. Nucleic acid from yeast was given the gem- 
eral formula (boH69Ni4 022 — 2P2O5, and that from fish sperm C4oH5(5Niif) 
16 — 2P2O5. Nucleic acid was further analysed into phosphoric acid and 
certain bases. The relation of these simple substances to nuclein, and 
also the relation of nuclein to more complex nucleo-proteins, are shown in 
the following scheme (mainly from Wells): 


Higher 

nucleo- 

proteins 


Proteins 


Nuclein 


Proteins 

(albumins, etc.) 

I 

Nucleic acid | 


Pliosphorie acid 


Leviilinic acid 
Purin bases 
Pyriinidins 
Pentoses 


Xanthin 
Cruanin 
Aden in 
et(r. 


The nucleo-proteins of the nucleus (chromatin) contain very little of 
the protein constituent and are thus relatively rich in phosphorus. 
(Jlaser (1916) accordingly speaks of chromatin as “a conjugated phospho- 
protein group with a nucleic acid group, the latter group being a complex 
of phosphoric acid and a nuclein base.” Kossel (1889, 1891, 1893) 
even concluded that in certain instances (during mitosis) chromatin 
might be simply nucleic acid. 

In the cytoplasm, on the contrary, the proportion of the protein 
constituents is relatively high. The cytoplasm probably has no true 
nuclefn, but is rich in nucleo-albumins, albumins, globulins, and pep- 
tones, which, unlike nuclein, have little or no phosphorus. As a result 
its reaction is alkaline, in contrast to the acidity of the nucleus. Accord- 
ing to Hammarsten (1909), “the globulins and albumins are to be con- 
sidered as nutritive materials for the cell or as destructive products in 
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the chemical transformation of the protoplasm.” (Iranules of ‘Wolutin ” 
formed in the cytoplasm are also looked upon as a food substance used 
by the nucleus in the elaboration of chromatin. 

The fatty components of the cell comprise both ordinary fats and 
lipoids (fat-like bodies not decomposed by alkalis); anions the latter 
lecithin and cholesterin are of great importance, particularly in the cells 
of animals. 

The carbohydrates found in protoplasm are chiefly f)entoscs and 
hexoses, which are as a rule combined with proteins and with lipoids. 
Glycogen exists free in the cells of many tissues and serves as a source of 
heat and energy. The important role played by pentosans in the activity 
of the plant cell is strongly emphasized by Spoehr (1919) and Macdougal 
(1920); in fact these authors speak of protoplasm as “an intermeshed 
pentosan-protein colloid.” 

Inorganic salts are present in considerable variety, as shown by the 
pr(*sence of the following elements in the ash of Fuligo protoplasm: (4, 
S, P, K, Mg, Na, Ca, Fc. 

Because of their failure to find any new types of chemical compounds 
in their analysis of protoplasm Reinke and Rodewald (1881) thought it 
probable that the peculiarities of protoplasm are due to its structure 
rather than to its chemical composition. It has since been found, how- 
ever, that certain of the life proce.sses continue for a time after the pro- 
toplasm has been ground u[) mechanically. Moreover, more refined 
analytical methods have enabled chemists to isolate from protoplasm 
certain extremely complex and unstable proteins (the “protoplasmids” 
of Etard), which differ greatly in degree of complexity, if not otherwise, 
from proteins encountered elsewhere. 

Varieties of Protoplasm,— From the foregoing resum6 it is plain that 
in protoplasm, because of the many combinations possible among con- 
stituents present in such great variety, we have a substance which may 
exist in a vast number of different forms. When it is further recalled 
that many of the constituents exhibit singly the phenomenon of stereo- 
isomerism this number is seen to be incalculable. For example, it was 
shown by Miescher that an albumin molecule with 40 carbon atoms 
could have about one billion stereoisomers, and some albumins probably 
have more than 700 carbon atoms. Albumin, moreover, is only one of 
many complex substances present in protoplasm. Hence, the state- 
ment that all living cells are composed of the same substance, proto- 
plasm, is true only in a general sense. Although they are made up of 
the same categories of substances existing in the same general type of 
organization— the hydrocolloidal state— the protoplasms of different 
organisms vary widely in the relative amounts of these leading con- 
stituents. For example, the lipoids are much more abundant in the 
protoplasm of animals than in that of plants, and the carbohydrate- 
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protein ratio also shows notable difrercnces in the two kingdoms. Ana- 
logous dififercnees also exist between the smaller plant and animal groups, 
and with these diffenmees in ehemical constitution are associated many 
characteristic diversities in metabolic activity. Thus it is not simply 
with protoplasm but with |)rotoplasms that the woi-king biologist has 
to deal. 

Special emphasis has been placed upon the relation of this great 
diversity in the constitution of protoplasms to the amazing variety 
observed among living organisms by Kossel, Reichert, and a number of 
other writers. As Reichert states, the evidence seems to indicate that 
‘'in different organisms corresponding complex organic substances that 
constitute the supreme structural components of protoplasm anti the 
major synthetic products of protoplasmic activity are not in any case 
absolutely identical in chemical constitution, and that each substance 
may exist in countless modifications, each modification being character- 
istic of the form of protoplasm, the organ, the individual, the sex, th(^ 
species, and the genus.’’ With regard to the integration of the various 
protoplasmic constituents, Mathews (1916) says: “Protoplasm, that 
is the real living protoplast, consists of a gel, or sol, whic^h is composed 
of the colloids of an unknown nature' which include protein, lipin and 
carbohydrate. Whether these colloidal particles consist of one large 
colloidal (compound in which enzymes, protein, phospholipin and car- 
bohydrate are united to make a moh'cule which may be called a biogen 
[Verworn 1895, 1903), cannot be definitely stated, l)ut it seems probable 
that something of the sort is the case.” 

The Plasma Membrane. — It was recognized very early that there is 
at the surface of the protoplast a thin layer of relatively resistant, hya- 
line protoplasm which Hanstein called ectoplasm, distinguishing it thus 
from the granular endoplasm within. Pfeffer (1890) employed the cor- 
responding terms hyaloplasm and polioplasm. The ectoplasmic envelope, 
which is best seen on “naked” masses of protoplasm, such as amcebae, 
myxomycetes, and the zoospores and gametes of algse, has been variously 
referred to by different writers as the ectoplast, plasma membrane. Haul- 
schicht, and Plasmahaut^ 

The proponents of the reticular and fibrillar theories of the structure 
of protoplasm looked upon this external layer as a region in which the 
fibrils are more closely compacted or interwoven, whereas Btitschli re- 
garded its relative firmness as due to a compact radial arrangement of 
alveoliB. Pfeifer (1890) held that such a limiting membrane, which 
living protoplasm always produces on an exposed surface and which 
consists mostly or entirely of protein substances, is not itself truly proto- 
plasmic, whereas the majority of cytologjsts have thought it to be a 

' A discuHsion of ectoplasm and endoplasm based upon a large number of ob- 
servations on Amoeba is given in a new work by Schaeffer (.1920). 
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special protoplasmic layer: Strasburjjier, for instance, believed it to be 
(;omposed of kinoplasm. 

The microdisscction studies of Kite (1913) and Chambers (1917) 
mentioned above have extended our knowledge of tlu' physical nature 
of the plasma membrane. Both of these observers describe the ecdo- 
plast of an Anmba as a concentrated ^<el. Seifriz (1918), as a result of 
such studies on the Fucus egg and myxomycetes, states that the mem- 
brane is a definite morphological structure, very elastic and glutinous, 
and capable of constant repair. He further asserts that membrane form- 
ation is a physical procc'ss dependent upon the physical state of the 
protoplasm and not upon that of the nuMlium, and that it does not occur 
after death. 

That the formation of such a limiting inembram^ at the surface of 
protoplasm is the result of the tendency of colloidal particles to accimiu- 
late on any interface has been pointed out by ])hysi(‘al chemists. C.’iting, 
by way of illustration, the film which forms on the surface of cooling 
milk, Moore (1912) says: “The chief colloid of the milk, on account of 
its affinities, accumulates on the surface, the accumulation gives increased 
concentration, the presence of the increased concentration causes the 
multi-molecules to build tog(dber, the lai’ger molecules fall out of solu- 
tion as particles, and these join to form a close network or film.’’ In a 
similar manner the unicellidar organism or other mass of nak(Ml proto- 
plasm develops its resistant envelope, and the enclosed protoplast of 
the higher plant its ectoplasmic layer and tonoplast. 

Fermeahiliiy . — The physico-chemical nature of the plasma mem- 
brane has been a subject of much discussion among physiologists. On 
the assumption that the permeability of the cell is a cas(^ of solubility in 
the ectoplasm, E. Overton (1895, 1899, 1900) developed a tlu^ory of the 
constitution of the ectoplast. It was pointed out first, that the ('ctoplast 
is not miscible with water; second, that in plant and animal cells the only 
bodies which are not miscible with water in the ordinary state arc fats and 
oils; third, that the ectoplast is more or less permeable to substances ac- 
cording as the latter are more or less soluble in fats and oils; and fourth, 
that any substance insoluble in another substance will not pass through a 
membrane composed of the latter. It was therefore concluded that the 
ectoplast is made up of some lipoid compound, such as lecithin, which 
acts as a semi- permeable membrane.. This theory, though very sug- 
gestive, was effectively opposed by Ruhland (1909, 1915) and a number 
of other investigators, who called attention to many substances which 
do not behave according to the requirements of the theory stated in 
so simple a form. A more nearly adequate conception of the constitution 
of the ectoplast has thus been souhgt. 

Of the more recent theories which have been offered in connection 
with the problem of permeability the most , promising are those which 
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interpret the cctoplast ms an emulsion. Accorclinfj; to Czapek (1910, 
1911, 1915) the ectoi)last is an emulsion of lipoids, proteins, and other 
substances, the lipoids forming a suspended phase. ‘‘Protoplasm is a 
colloidal emulsion of lipoids in hydrocolloidal media, the latter containing 
proteins and mineral salts. Lepeschkin (1910, 1911) advanced the 
contrary view that the lipoids form the medium of dispersion. In at- 
tempting to account for changes in permeability Clowes (1916) points 
out that inversion of phases probably plays an important role, while 
Spaeth (1916) ascribes changes in permeability to alterations in the 
degree of dispersion of the colloids, with resulting changes in the vis- 
cosity of the membrane. A more definitely stated hypothesis of the 
latter typo is that tentatively suggested by Lloyd (1915) and Free (1918). 
( 'Olloids are knowm that “have two liquid phases whicdi difTer in composi- 
tion only in the relative proportion of water and of the substance of the 
colloid” (Free). It is accordingly possible that 
alterations in permeability may be due to changes 
in the distribution of watc'r betwe^en two such 
phases present in the plasma membrane. When 
water passes from the internal (suspended) to the 
external (continuous) phase, the droplets of the 
former would become very small; when the move- 
ment is in the opposite direction they would b('- 
come very large and closely packed. As a result 
there would be such changes in the physical 
nature of the membrane as would aid in interpret- 

. , ing the behavior of the latter toward substances 

rio. 9. — Amwha, show- . . . , ^ ^ ^ ^ ^ i 

inK ectoplasm, endo- entering or leaving the cell. It is held that such a 

vaciioie^”^^ contractile fiypothcsis accouiits more readily for the gradual 
changes in permeability observed than does th(' 
inversion theory of (dowes, according to which the change might be ex- 
pected to occur suddenly. It is pointed out, however, that both 
processes are probably involved. 

Whatever the degree of correspondence between the above inter- 
pretations and reality may be, it is scarcely open to doubt, especially 
since the work of Bancroft (1913) and Clowes (1916) on colloids, that in 
such theories we have our best prospect of reaching an adequate knowl- 
edge of the plasma membrane, which, because of its great importance in 
the life of the cell, is to be regarded as a definite “osmotic organ.” 

Protozoa . — It is in the Protozoa that the ectoplast shows its most 
elaborate structural differentiations. (See Minchin, 1912, Chapter V.) 
Here the ectoplast clearly has several functions: protective, motor, excre- 
tory, and sensory. In most forms other than the Sarcodina there is a 
resistant envelope of some sort. This may represent (a) the entire ccto- 
plast modified (the “periplast” of Flagellata); (5) a superficial modified 
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layer of the ectoplast (tlie “pellicle” of Infusoria and some Amoeba?); (c) a 
secreted layer (“cell menibranc”) rather than a modification of the 
ectoplast. In certain causes definite actively protective organs, the <n- 
chocysts, are differentiated in the ectoplasm. 

Among the ectoplasmic structures with a motor function the simplest 
are the pseudopodia; in the larger ones there is a core of endoplasm (Fig. 

9) , but the more delicate “filose” ones consist entirely of ectoplasm (Fig. 

10) . The flagellum of Euglena was reported by Biitschli to have an elas- 



F'lo. 10. — Gromia ovi/ormis, 
showing filosc-reiiculato pseii- 
dopodia composed of ectoplasm. 
{From inchin, after Schultze.) 




Fr(j. 11. 

.4, flagellum of Euglena, sliowing endoplasmic core 
and ectoplasmic sheath. {After BHUchli.) B, Trypano- 
soma tincoe, with undulating membrane. {After M in- 
chin.) (J, Trypanosoma pcrcce, showing myonemes. {After 
Minchin.) D, flagellum of Euglena. {After Dellinger.) 


tic endoplasmic core with a contractile ectoplasmic sheath (Fig. 11, A), 
but the later figure of Dellinger (1909) represents it as composed of four 
twisted filaments ending within the animal as a system of branching 
rootlets (Fig. 11, D). Cilia, which are short and numerous and show 
rythmic pulsation; cirri, which arc formed of tufts of cilia; mernbranellce, 
representing fused rows of cilia; and undulating membranes, which are 
sheet-like extensions of the ectoplasm (Fig. 11, B), are all essentially 
ectoplasmic organs. A further motor differentiation is seen in the 
minute contractile fibrils known as myonemes, which are analogous to a 
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system of muscle fibers (Fi^. 11, C). In ciliated forms they run beneath 
the rows of cilia. 

Contractile vacuoles, which exercise an excretory function, originate 
in the ectoplasm, although later they may lie much deeper. 

A sensory function is performed by the “eyespot,” which is sensitive 
to light, and also by the flagellar and cilia, which are often receptors of 
tactile stimuli. The eyespot seems in some instances to be plastid-like 
in character, and will be discussed in Chapter VI. 

Protoplasmic Connections.— The fine protoplasmic strands {Plan mo- 
demieii) connecting many plant C(‘lls through poi’C's in the intervening 
walls are extc'nsions ol the ectoplasm (Fig. 12). Hc'veral early workers 



Fi(}. 12. —Protoplasmic connections in vascular ])lants. 
a, B, Pinus pinea: cells of cotyledon. X d7.'). {After (Sardiner ntid Hill, 1901.) C, 
Phytelephas (“veKctable ivory”): endosperm cells with greatly thi»*keiied walks (w), 
showing spindle-shaped bundles of connecting strands, m, middle lamella. Semidia- 
gram rn a tic. 


suspected the [iresenco of such connections before they were able to see 
th(‘m, and even the (!oarse strands f)assing through the sieve plates of 
si('ve tul)(\s, though oft(‘n obs(‘rved, were not well known until the time 
of Hanstein’s work in 1864. The finer strands of other plant tissues 
where descrilied in a large numlxu* of researches between 1880 and 1900. 
Among these may be mentioned those of Wille (1883) and Borzi (1886) on 
the Cyanophyceie; Kohl (1891), Overton (1889), and Meyer (1896) on 
the Chlorophyccai; Hick (1885) on the Fucaceae; Hick (1883), Massee 
(1884), and Rosenvinge (1888) on Florideae; and, on vascular plants, 
those of Tangl (1879), Russow (1882), Strasburger (1882, 1901), Goros- 
chankin (1883), Terletzki (1884), Wortrnan (1887, 1889), Haberlandt 
(1890), Kienitz-Gerloff (1891), Jonsson (1892), Kuhla (1900), Gardiner 
(1884, 1897, 1900), Hill (1900, 1901), and Gardiner and Hill (1901). 

With respect to the origin and development of these connecting 
strands very little is accurately known. Some observers have claimed 
that the pores through which they pass are present from the time the 
primary wall is first formed, no wall substance being laid down at these 
points. Gardiner (1900) believed them to arise directly from the median 
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portion of the fibers of the aehromatic fij^urc at the close of mitosis. His 
observations were made on the endosperm of Liliuni and Tama-s. Others, 
on the contrary, have regarded them as secondarily dovelo[)od structures. 
Their absences from the walls between Cmcuta and Visaim and tlulr 
hosts (Kienitz-Gerloff, Kuhla, Strasburger 1901), and also from many 
cells which glide over one another during growth, is a fact opposed to the 
latter interpretation. Although they have been demonstrat('d in a 
number of kinds of tissue they probably do not occur so widely as some 
have supposed; but it may nevertheless be true that in many cases their 
apparent absence is due to the fact that the sp(H‘ial methods often neces- 
sary to their demonstration have not been widely employed. 

As to their function, it can scarcely be doubted that they may serve 
to transmit stimuli of one kind or another from cell to cell (PfetTer 180(3). 
Noteworthy in this connection is their presence in tissues of plant parts 
known to be particularly responsive to external stimuli, such as the leavers 
of Mimosa (Gardiner 1884) and Dioruva (Gardiner 1884; Macfarlanc' 

. 1892), the stamens of Berberis (Gardiner 1884), and the sensitive labellum 
of the orchid, Masdemllia rnascosa ((Oliver 1888). Their extensive* 
development in storage tissues, such as the endosperm of seeds (Tangl 
1879; Gardiner 1897), would also indicate that they arc in part responsible 
for the readiness with which nutritive materials are translocated insin^h 
specialized tissues. 

Vacuoles. — Vacuoles in the cytoplasm are more characteristic of 
plant than of animal cells. They are usually absent in th(* very young 
cell, but appear as growth and differentiation progress. In case they an* 
very small and numerous the cytoplasm takes on an alveolai* appearan(‘(', 
but more commonly they coalesce to form one large* vacuole which 
may occupy a volume greater than that of the protoplast itself (Fig. 2). 
This condition is characteristic of many mature cells of plants, but is 
comparatively rare in animals. 

The ordinary vacuole is essentially a droplet of fluid, consisting of 
water with differentiation products in solution, surrounded by a delicate 
limiting membrane. DeVries (1885) developed the theory that vacuok's 
are derived from ‘Honoplasts.” The tonoplasts were believed to be 
small bodies imbedded in the cytoplasm and multiplying by fission. 
Through the absorption of water they swell and become vacuoles, th(i 
vacuole wall thus being made up of th(^ material of the tonoplast body. 
We still refer to the vacuole wall as the tonoplast. De Vries looked upon 
the vacuole as a body with an individuality somewhat similar to that 
of a nucleus, since the tonoplast from which it develops was supposed to 
arise from a preexisting tonoplast by division. The theory was supported 
by certain other workers, but it does not enjoy wide acceptance today 
It has been found by Bensley (1910) and others that there is in the 
cytoplasm of certain comparatively young cells a system of fine canals 
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which later open up to form vacuoles (Fig. 13). The fixing reagents 
commonly employed in cytological technique destroy these canaliculoe; 
and since Bensley, by using special reagents, demonstrated such canals 
in the familiar cells of the onion root tip, it is highly probable that they 
seems more reasonable oo suppose that the fluid 
differentiation producos, when they arc first 
forming, gradually come to move along certain 
paths, forming canals, and later accumulat(*. in 
the form of vacuoles, than to suppose that the 
vacuoles originate in such individualized units 
as the tonoplasts of deVries. 

Fluids other than water may also occur in 
the form of vacuoles; oil vacuoles, for example, 
arc not uncommon in certain cells. If fats, oils, 
and other products of metabolism take their 
origin in chondriosomes, as some suppose {sen 
Chapter VI), it is not improbable that some- 
thing at least analogous to the above mentioned 
tonoplast behavior may occur in the case of 
certain substances appearing in the cell. The cell sap and other 
differentiation products in the cytoplasm will be discussed further in 
Chapter VII. 

PROTOPLASM AS THE SUBSTRATUM OF LIFE 

Since the true significance of protoplasm was first recognized in the 
middle of the last century many suggestions have been v(mtured regard- 
ing the nature of the relation existing between lif(^ and its physical basis. 
A full discussion of this sul)ject obviously cannot be (mhu-cd upon here', 
but theories of two types, tlie micromeric and the chemical, may be 
cited by way of illustration. 

Micromeric Theories.— -Many years ago there were developed certain 
speculative “micromeric theories’' of the constitution of protoplasm; 
these became particularly prominent during the latter half of the nine- 
teenth century. According to these “atomic theories of biology" the 
principle of life was held to reside in ultimate fundamental particles. 
The particles were suppo.sed to be for the most part of ultramicroscopic 
size, capable of indepimdent growth and reproduction, and associated 
like members of a vast colony in protoplasm. Such vital units were 
compared by some to chemical molecules, but they were generally 
regarded as something much more complex. Examples of such units 
were the “organic molecules" of Buffon, the “microzymes" of B^champ, 
the “physiological units" of Spencer, the “ plastidules " of Maggi and 
Haeckel, the “bioplasts" of Altman, the “vital particles” of Wiesner, 
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the “gemmules” of Darwin, the ^‘biophores” of Weisiiiann, the “pan- 
gens” of de Vries, and the “orgatules” and “generatules” of Hatschek. 

In a somewhat similar manner a number of the later investigators 
occupied with the study of the ultimate structure of protoplasm have 
often been led to inquire which of the constituents of protoplasm arc the 
actually living elements. Among those who viewed protoplasm as a 
reticular structure some held the material of the reticulum to be the true 
living substance, the liquid ground substance being lifeless, whereas 
others held the reverse to be true. Many of those who saw in protoplasm 
a granular structure regarded the granules as the ultimate living units, 
and more recently there has even been a tendency on the part of some 
investigators (Beijerinck, Lepeschkin), who have emphasized the emul- 
sion nature of protoplasm, to view the droplets of the suspended phase in 
a similar light. To Biitschli the continuous phase was the essential 
substance. 

By most modern biologists such attempts to assign the principle of 
life to any particular constituent unit of protoplasm or of the cell, whether 
this unit be an observed structural component or a purely imaginary one, 
arc regarded as not in harmony with an adecpiate modern conception 
of the term “living.” It has been repeatedly emphasized that life should 
be thought of not as a property of any particular cell constituent, but 
as an attribute of the cell system as a whole (Wilson 1899); or, as Brooks 
(1899) put it, not merely as a property but as a ndation or adjustment 
b(‘tw(H'n the pi'operties of the organism and those of its environment. 
This recalls Herbert Spencer’s characterization of life as a “continu- 
ous adjustment of internal relations to external relations.” As Sachs 
(1892, 1895) and others urged, the various elements in the cell should be 
referred to as active and passive rather than living and lifeless. These 
elements play various roles in the cell’s activity: each contributes to the 
orderly operation of the whole. When any part fails to function properly, 
or when the proper adjustment is not maintained, the whole system of 
correlated reactions, the resultant of which we call life, must become 
disorganized. As Child (1915) remarks, the theories postulating vital 
units only transfer the problems of life from the organism to something 
smaller; the fundamental problem of coordination is no nearer solution 
than before, and the whole question.is placed outside the field of experi- 
mentation. Harper (1919) also points out that modern cytology no 
longer looks upon protoplasm as a substance with a single specific struc- 
ture, or as one made up of ultimate fundamental units of some kind, 
but rather as a colloidal system or group of systems of varying structure 
and composition. “The fundamental organization of living material is 
expressed in the structure of the cell.” The cell itself, and not some 
hypothetical corpuscle, is the unit of organic structure. Protoplasm is 
accordingly not made up of structural units arranged in various ways to 
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form tho coll organs, but is rather a colloidal system in which special 
processes and functions have become localized and fixed in certain regions; 
and this in turn has resulted in the evolution of organs possessing more 
or less permanence. 

Chemical Theories. — Much more suggestive, if not conclusive', have 
been certain attempts to place the phenomena of the organism upon a 
purely chemical basis. With the development of organic chemistry from 
the time of Wohler’s (1828) synthesis of urea onward there has grown 
up th(' idea that life processes and chemical reaction not only resemble 
each other but are actually the same fundamentally. When protoplasm 
was subjected to chemical analysis and found to consist chiefly of water 
and proteins, and when these substances became more intimately known, 
the task of explaining the activity of protoplasm in terms of the chemis- 
try of proteins was undertaken. One group of workers developed the 
hy[)othesis that peculiarly labile protc'in molecules are responsible for 
the organism’s reactions, death” being primarily a change from the 
labile to the stable condition on the part of these molecules. Such 
molecules were called ''biogens” by Verworn (1903). The molecule 
itself was not thought of as alive, but its constitution was held to be the 
basis of life, which "results from the chemical transformations whi(*h its 
lability makes possible.” Accordingly, "life itself consists in chemical 
change, not in chemical constitution” (Child 1915). 

Adami (1908, 1918) contends that life is thus "the function, or sum of 
functions, of a special order of molecules.” These ultimate molecules of 
living matter he calls hiophores (not to be confused with the biophores 
of Weismann, which were molecular complexes), and he locates tlu'in in 
the nucleus, the cytoplasm having merely "subvital” functions. They 
are proteidogenous in nature, f.c., they compose an active substance 
which takes the form of relatively inert proteins when subjected to 
chemicail analysis. The biophore is conceived by Adami to have the 
form of a ring or a ring of rings of the benzene type — a ring of amino acid 
radicles with many unsatisfied affinities or bonds. The biophore grows 
in a manner analogous to that of the inorganic crystal: ions and radicles 
from the surrounding medium become attached as side chains to the free 
bonds of the central ring and take on a grouping similar to that of the 
latter; in this way the biophoric luolecules are multiplied. Since side 
chains can be detached and new ones of other kinds added, the biophore 
is changeable and may exist in many different forms. Although the 
central ring is thought to be relatively stable and fixed, the variety of side 
chains and their many possible arrangements probably give to each 
species a distinct kind of biophore. On this hypothesis the molecule of 
living matter (biophore) is one "of extraordinary complexity, and in a 
state of constant unsatisfaction, built up by linking on other simple 
molecules, and as constantly, in the performance of function, giving up 
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or discharging into the surrounding medium these and other molecular 
complexes which it has elaborated” (Adami 1918, pp. 251“2). ^‘All 
vital manifestations are manifestations of chemical change in protcidogen- 
ous matter, arc, in short, the outcome of arrangement of that mattc'r 
with the necessary liberation or storing up of energy” (p, 225). Accord- 
ingly, life is ‘^a state of persistent and incomplete recurrent salisfaction 
and dissatisfaction of . . . certain proteidogenous molecuk's” (lOOS, 
Vol. I, p. 55). 

Pictet (1918) also associates the phenomena of life with a special 
structure of the organic molecule. Only the arrangement of the atoms in 
open chains, he asserts, permits the manifestation of life and its main- 
ttmance; the cyclic structure is that of substances which have lost this 
faculty; and death results, from the chemical point of view, from a 
cyclization of the elements of the protoplasm. 

To the theory that the vital processes are bound up with a special 
form of protein or j)rotein-like molecule many have objected. For 
example, Ilober (1911) has contended that there are present in the 
organism only those kinds of proteins which may be formed in the 
laboratory. He ui'ges that lif(^ should not be thought of as a single 
proc(?ss, or as dependent upon any particular kind of molecule, but rather 
that it should be looked upon as the result of many correlated processes 
occurring between many substances under certain conditions. “If we 
accept this idea,” says Child (1915, p. 19), ‘Sve must abandon the 
assumption of a living substance in the sense of a definite chemical 
compound. Life is a complex of dynamic processes occurring in a certain 
field or substratum. Protoplasm, instead of being a peculiar living 
substance with a j)e(!uliar complex morphological structure necessary for 
life, is on the one hand a colloidal product of the chemical reactions, and 
on the other hand a sul)stratum in which the reactions occur and which 
influen(;es their course and charactea* both physically and chemically. 
In short, the organism is a [)hysico-chemical system of a certain kind.” 

Harper (1919) is also opposed to theories based upon the conception 
of protoplasm as a single complex chemical substance, as well as to those 
which hold protoplasm to be a relatively simple two-phase colloidal 
system— the alveolar and granular theories, for example. “The crude 
simplicity and general inadequacy of these . . . concet)tions . . . 
have done much to bring the whole subject of protoplasmic organization 
into disrepute. On the other hand the conception of protoplasm as an 
aggregate of complex compounds, a polyphase colloidal system or system 
of systems, seems to do much more adequate justice to the observed 
facts.” 

Conclusion. — As stated at the opening of the present chapter, it is 
with protoplasm that the phenomena of life, in so far as we know them, 
are invariably associated. The complex behavior of the living organism 
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can receive scientific explanation (z.c., be fitted into an orderly scheme 
of antecedents and consequents), if at all, only on the basis of the 
constitution and properties of the materials composing*; protoplasm; the 
structural orp;anization of protoplasm; the relation of the reactions and 
responses of protoplasm in the form of organized units or cells to the 
environmental conditions; the chain of energy changes occurring in 
connection with all of the organism \s activities; and the correlation of 
all these (conditions and events. It is largely the effort to account for 
organization and regulatory correlation, and the consequent behavior of 
the complex organism as a versatile and consistent unit or individual — as 
something more than a cell aggncgatc' — that has led to certain present 
day vitalistic theories, as opposed to those which would hold life to b(i 
ilependent \ipon “nothing but’' the correlated physico-chemical reac- 
tions and interactions occurring in protoplasm. 

Whatever our ultimate judgUK'nt in this matter shall be — for any 
decision at present is premature — it is scarcely to be denied that the 
hypotheses that have thus far be('n most stimulating to research in 
biological science and most, valuable in analysing the data afforded by 
this research are those which seek to formulate vital activity in terms of 
what the physi(‘ist for convenience cidls matter and energy; and which 
hold life to be not the manifestation of a super-organic, non-pcrceptual 
entity, or even of a distinct perceptual but hypothetical vital energy, 
but rather the resultant of the many correlated interactions involving- 
only energies of known kinds. The way must not be (closed, howevcjr, 
against possible new categories (vf emu-gy. The d(\s(;ription (reduction 
to order) of our perceptual experience of organic nature, which is the 
primary task of biological science and which has been scarcely more than 
b('gun, must for the present be made as far as possible in terms applicable 
also to inorganic nature. It is here that achieved results would seem to 
justify the judicious use of a “mechanistic” working hypothesis, whereby 
the attempt is made to “describe the changes in organic phenomena by 
the same conceptual shorthand of notation as suffices to describe inor- 
ganic phenomena” (Pearson). To what extent our ultimate biological 
theory is to show the need of non-mechanical energies or principles will 
depend very larg(‘ly upon what this scientific description (orderly formu- 
lation) turns out to be like as investigation proceeds, and also upon the 
degree of success with which the physicist will resume the phenomena of 
inorganic nature in mechanical formulae. Thus, as Professor D’Arcy W. 
Thompson forcefully says: 

“While we keep an open mind on this question of vitalism, or while we loan, 
as so many of us now do, or even cling with a great yearning, to the belief that 
something other than the physical forces animates the dust of which we are made, 
it is rather the business of the philosopher than of the biologist, or of the biologist 
only when he has served his humble and severe apprenticeship to i)hiIosophy, 
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to (leal with the ultimate pr()l)lem. It is the plain houndcn duty of tlie bioloigst 
to pursue his course unprejudiced by vitalistic hypotheses, along the road of 
ol)servation and experiment, according to the accepted discipline of the natural 
and physical sciences. . . It is an elementary scientific duty, it is a rule that 
Kant himself laid down, that we should explain, just as far as we possibly can, 
all that is capable of such explanation, in the light of the properties of matter and 
of the forms of energy with which we are already acquainted.’^ (Presidimtial 
address before the Zoological Section of the British Association for the Advance- 
ment of Science, 1911.) 
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THE NUCLEUS 

It is now half a contury since the modern period of eytolop:y was 
ushered in by a series of r(‘searel\es revealinj*; the remarkal)le l)ehavior 
of the nucleus durinjj; tlie critical staj^es of the life cycle. Because' of 
the peculiarly intimate relation which this behavior has been shown to 
have to many outstanding biological problems, including that of hen'dity, 
it is largely in nuclear phenomena that cytological interest has con- 
tinued to center throughout the period. Tlui most striking of these 
phenomena form the sul)jects of several sid)sequent cha])ters: at this 
point we shall consider the nucleus only as it appears in the ^^n'sting’’ 
c(‘ll, i.c., in the cell not undergoing division. 

Occurrence. — The most conspicuous, and in some respects the most 
important of the cell organs is the nucleus. Whether or not we shall say 
that every living cell contains a nuc^leus will depend upon what we are to 
include under the term. If the chromatin or chromatin-like substances, 
no matter whether distributed throughout the cell in the form of granules 
or aggregated to form a well defined organ, be regarded as constituting a 
nucleus, then it follows that all plant and animal cells normally have 
nuclei. If, however, as certain protozodlogists prefer, the term nucleus 
b(^ employed only with reference to a distinctly delimited organ, we must 
regard those lowly organized cells with scattered chromatic material as 
devoid of nuclei, although they possess, as all cells apparently do, material 
which performs at least the nutritive functions of a nucleus. This latter 
tyi)c of organization, which is found in certain members of the Protozoa 
and Bacteria, and also some Cyanophyceae, will be discussed latcu* on in 
connection with nuclear structure (p. 66) and cell-division (Chapter X). 
In myxomycetes, where simple and primitive conditions might be expected, 
Jahn (1908, 1911) and Olive (1907) have demonstrated the presence of 
definite nuclei showing mitosis and the phenomenon of chromosome 
reduction. 

General Characters.— The vast majority of cells have one nucleus 
each. A few exceptions may be noted. In tapetal cells, laticiferous ves- 
sels, the internodal cells of Characeae, and certain other cells there are 
often several nuclei arising by the division of one. In the Siphoneae among 
green algae (Fig. 14, V) and the Phycomycetes among fungi there are no 
cross walls in the filamentous and much branched vegetative body, so that 
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large numbers of nuclei arc associated in one extensive mass of cyto- 
plasm. Such a body is called a camocyte, and the ccenocytic condition is 
found in a number of the lower organisms. In the Uredineae (rusts) the 
typical life history is made up of two phases, with uninucleate and 
binucleate cells respectively. In certain Infusoria two kinds of nuclei 
are regularly present. Thus in Paranuecium caudatum (Fig. 15) there is 
one small micronucleus which divides by a peculiar form of mitosis, and 
one larger iiK'ganucleus (macronucleus) which divides amitotically. In 
P. aurelia there are two micronuclei and one nu'iranucleus. wluu'eas in 



V, portion of body of Vaucheria, showiiip: 
ra*nocyti(! condition; nuclei d;irk jind 
plustids in outline. C, portion of body of 
Cladophora, showing senii-ccenocyti<* 
con<lition. 



Fk;. 15. — -Paramwci ufH candatum un- 
dergoing fission; lucga- and inicronuclei 
dividing. (Front Mitichiri, (iftcr 
a ml Schcu'idkojf.) 


Stentor there may be one meganucleus and several micronuclei. In 
general the meganintleus seems to be a storage organ of the cell; it may 
disappear and be replaced by a new one. The micronucleus performs 
the usual nuclear functions. Tho mammalian red blood corpuscle begins 
its life as a nucleated cell, but later on the nucleus is lost. 

The position of the nucleus in the cell is determined largely by physical 
causes, such as surface tension, the position of the vacuoles, and the 
relative density of the cytoplasm in different portions of the cell. In a 
non-vacuolated cell it ordinarily occupies the center of the cytoplasmic 
mass, whereas in a cell with vacuoles it is imbedded in the cytoplasm even 
when the latter is reduced to a thin parietal layer; it never lies free in the 
vacuole. In the Cladophoraceae (Carter 1919) it is regularly imbedded, 
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at least partially, in the ehloroplast, and this is true even in eells possess- 
ing a considerable amount of colorless cytoplasm. Its position is also 
related to the functions of the cell: in 
general it lies in the region character- 
ized by the most active metabolism. 

For example, in young growing root 
hairs (Fig. 16, B) and pollen tubes it 
is commonly found where elongation is 
taking place, and in thickening epidermal 
cells (Fig. 10, A) it frequently, though 
not always, lies near the wall upon 
which the thickening material is being 
deposited. This relation of position to 
function was emphasized in the works 
of Ilaberlandt (1887) and Oerassimow 
In form the nucleus is typically split 

shape being determined by a number ^ 

Under comparatively uniform conditions, as obtain where a small 
nucleus lies in a relatively large amount of non-vacuolated cytoplasm, 
a spherical^ shape is assumed ^because of the phenomena of surface 
tension. Exceptions are often seen in cells with specialized functions. 




Fig. 17.- Unusual forms of nuclei. 


A, portion of nucleus from spinning gland of Fa/ics«a urtias, showing irregular form 
and finely divided state of the chromatin. (After Korschelt, 1S96.) li, Spirostojnum 
ambiguum, with moniliform nucleus. (After Stein.) C, Nucleus from salivary gland of 
Chironornus: the chromatic material exists as a series of discs in a convoluted thread, which 
ends in two nucleoli. (After Balhiani, 1881.) /), Choenia teres, with chromatic granules 

scattered throughout the body. (After Gruber, 1884.) E, Nucleus from root tip of Mar- 
sUia, showing concentration of chromatic material in the nucleolus. (After tierghs, 1909.) 

In the cells of the spinning glands of Pieris and Vanessa (butterflies) 
the physiological conditions result in the assumption of very irregular 
forms whereby the nuclear surface is considerably increased (Fig. 17, A). 
Nuclei seem rather commonly to undergo amoeboid changes in shape; 
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such active movement can be directly observed in the nucleus of the 
living cycad spermatozoid. In the long, narrow cells of vascular buiidh^s 
the nuclei, which are not free to grow in all dimensions, come to be 
correspondingly elongated. The nucleus may also be passively forced 
into very irregular shapes by the dense accumulation of starch grains 
and the diminution in the amount of cytoplasm, as in the endosperm 
cells of maize. In Stentor and SpirostomimL the nucleus has the form 
of a string of beads (Fig. 17, B). 

In size the nucleus shows a wide variation, ranging in plants from 
the extremely minute nucleus of MucoVy Ig or less in diameter, to the 
relatively gigantic nucleus of the Dioon egg, with a diameter of hOO/z. 
A similar range is seen in animal nuclei. Although the nuclei of the 
fungi are characterized by small size, most of them being less than 5g 
in diameter, they may grow to a large size at certain stages. The primary 
nucleus of Syiichylrium , for instance, reaches a diameter of over GO/^. 
The majority of nuclei, however, fall betweem 5/u and 25g. In spite of 
the wide range in the size of nuclei of different organisms, in a given 
(issue it is comparatively uniform. 

With respect to the physical nature of the nuchms as a whole, the 
researches of Kite (1913) and Chamlxu’s (1914, 1917) have shown that it 
ordinarily consists at least in part of a g(4 of higher viscosity than the 
cytoplasm, often being so firm that it can easily be handled without 
injury by means of tlu' dissecting instruiiKmt. This obviously would be 
impossible were the nucleus merely a watery drophd. or vesicle in the cyto- 
])lasm. The germinal vesicle (nucleus) of the animal egg Chambers 
(1917) finds to be a sol droplet with a gel membrane; if it is pinched in two 
by the dissecting instrument the two halves will reunite if they come in 
contact. 

The chemical nature of the nucleus has Ix'en dealt with in the preced- 
ing chapter. With regard to its electrical properties, the nucleus is 
apparently negative to the cytoplasm. R. 8. Lillie (1903) found that 
free nuclei and the heads of spermatozoa, which are almost entirely 
nuclear material, pass to the anode in an isotonic cane sugar solution, 
whereas cells rich in cytoplasm, such as large leucocytes, pass to the 
cathode. These results have been confirmed by Hardy (1913). 

Nucleoplasmic Ratio. — Of more importance than the absolute size 
of the nucleus is the relation of its volume to that of the cytoplasm — the 
so-called nucleoplastnic or Kernplasrna relation. Many years ago it was 
held by Sachs (1892, 1893, 1895) and by Strasburger (1893) that the size 
of a meristematic cell in a plant, owing to a supposed limitation of the 
sphere of influence of the nucleus, maintains a very definite relation to 
the size of its nucleus. This conception has recently been emphasized 
anew by Winkler (1916), and parallel views have been expressed by 
several zoologists {e.g., Hegner on Arcella, 1919). In the case of certain 
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teniiinal ineristcius of plants such a rule may well hold true within 
limits, but the condition reported by Bailey (1920) in the lateral mcristem 
(cambium) shows clearly that it cannot have universal application, 
the cambial initials may vary enormously in size with no (;orrespondinj>; 
variation in the size of their nuclei: two such initials, one of them Inivin^; 
many hundreds of times the volume of tlie other, may possess nuclei 
of api)roximat(dy equal size. 

The nucleoplasmic ratio has figured prominently in discussions of 
the problem of senescence. R. Hcadwig in 1889 advanced the theory 
that senescence and natural (kaitli are associated with an increase in the 
relative size of tlu^ nucleus. I le latca* asserted ( 1903, 1908) that the nucleo- 
plasmic relation is self-regulatory within certain limits for each kind of 
cell, exercising thereby a control over many cell activities, including cell- 
division. Minot (1891, 1908, 1913), on the contrary, believed that the 
increa,se iji the relative volume of the cytoplasm, in addition to its differ- 
entiation, is a fundamental factor in s(‘nescenc(i and death. Conklin 
(1912), as a result of Ids work on Crepidulo, denied the existence of a 
constant and self-regulatory nucleoplasmic relation, holding rather that 
changes in this relation are not causes of such cell activities as cell- 
division, but are results of the metabolic processes by which such coll 
activities are brought about. Child (1915) points out that in most 
animal tissues there is an increase in the relative amount of cytoplasm 
during senescence, whenais in plants, although the cell enlarg(\s through 
vacuolation, the relative volume of cytoplasm often does not increase. 
He therefore concludes that the nucl(‘oplasmic relation cannot bo regarded 
as a universal factor in senescence; it is rather an indication pf the kind 
and rate of metabolism. The dilTerentiation of the cytoplasm, apart 
from its mere change in volume, Child, with many other woi kcrs (Minot, 
Delage, Jennings, etc.), regards as a matter of the greatest importance in 
senescence. F urther discussion of this subject is deferred to Chapter VII. 

Not only has it been held that there is a certain relation between the 
mass of the nucleus and that of the cytoplasm, whatever the significance, 
of this relation may be, but there also seems to be a size relationship 
between the nucleus and its contained chromosomes. In 1896 Boveri 
showed that the size of the nuclei in merogonic echinoderm larva? (s(je 
p. 325) is dependent upon the number of chromosomes each contains. 
In a more extended study (1905) he demonstrated that it is the surface 
of the nucleus that is proportional to the chromosome number, and also 
that the size of the cell is proportional to both. Gates (1909), however, 
adduced evidence to show thlit this rule is by no means universal. 

Structure.—Having reviewed the general features of the nucleus as 
a whole, we may next give attention to its structure, as seen in typical 
cases. 

The nucleus is bounded by a distinct nuclear membrane. The nature 
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of this membrane has been a subject of much controversy. Some have 
regarded it as a pre(;ipitation membrane laid down when the newly 
formed karyolymph comes in contact with the cytoplasm at the time the 
daughter nuclei are reconstructed during the closing phases of mitosis, 
while others (Lawson 1903) have interpreted it as merely a denser limit- 
ing layer of the cytoplasm. The above cited work of Kite and Chambers, 
however, leaves no doubt that the membrane is a definite morphological 
structure belonging to the nucleus: although it is at times very delicate, 
it remains intact when the nucleus is pushed and pulled about by the 
dissecting instrument, and is thrown into folds when the karyolymph is 
withdrawn with a pipette. 

Within the nuclear membrane is a .series of gels of varying consistency. 
The nuclear sap, or karyolymph, is a highly transparent substance which 
is generally looked upon as homogeneous, although it has been thought 
by some workers (Reirike 1894) to be made up of large', pale ^^cedamatin 
granules.” It may be in the sol or gel state. Imbedded in the karyo- 
lymph is a network or reticulum, which may berelatively uniform through- 
out the nucleus or only fragmentary and incomplete. It is usually said 
to be composed of a gel substance known as achromaiin (Flemming 1879) 
or linin (Schwarz 1887). Supported on the linin reticulum is the chroma- 
tin (Flemming 1879). This highly stainable substance may exist in the 
form of small granules or droplets at the nodes of the reticulum, or 
apparently in many nuclei as a fluid thin enough to distribute itself more 
or less uniformly throughout the achromatic substance. In the latter 
case the whole reticulum appears to be composed of a single unevenly 
stained material, careful examination showing the ‘‘chromatic granules” 
and “achromatic support ” to be its thicker and finer portions respectively 
(Fig. 51) (Gr^goire and Wyagerts 1903; Gr^goire 1906; Sharp 1913, 
1920). According to Kite (1913) the granules in the living nucleus con- 
sist of a very concentrated gel, the supporting reticulum of a somewhat 
more dilute but not at all fibrous gel, and the karyolymph of a gel which 
is the most dilute of all. 

Heidcnhain (1894) found imbedded in the colorless linin net two sorts 
of chromatin in the form of granules: oxychromatin, consisting largely of 
plastin, poor in pho.sphorus, and staining with the acid dyes; and basi- 
chromatin, composed mainly of nuclein, rich in phosphorus, and staining 
with the basic dyes. These two forms of chromatin apparently may 
change into each other by the addition or loss of phosphorus. The peri- 
odic changes in the staining reactions of many nuclei therefore indicate 
changes in the chemical composition of the chromatin, and these in turn 
point to the intimate as.sociation of the nucleus with the periodic physi- 
ological processes of the cell. As used by many writers the term oxy- 
chromatin includes also the linin, so that in much cytological literature 
linin and oxychromatin arc more or less interchangeable terms, while 
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“chi’oinatin ” refers to the basichroniatin. Oxyehroinatin a[)pears to be 
closely similar in composition to the achromatic structures in the cyto- 
plasm, such as spindle fibers and centrosomes. The prominent place 
occupied by the nucleus in cytology is due in large measiUM' to the con- 
spicuous behavior of its chromatic substance at the time of cell-division 
and fertilization, topics which are to receive detailed consideration in 
subsequent chapters. 

In many nuclei basichromatin accumulates at certain points in the 
reticulum, forming karyomnm, also called 'Tiet knots” and chromalin 
nucleoli. These seem to be masses of surplus chromatin elaborat('d by 
the nucleus during the i-esting j)liase or in .some cases chromatin which 
has flowed to these points from the otjier parts of the reticulum. During 
the next mitosis tliey are distributed with the r(\st of the chromatin. As 
Rosen (1892) long ago showed by his studies of their staining reactions, 
they differ decidedly in composition from true nucleoli, although they 
may closely resemble t h(^ latter after treatment with certain stains (iron- 
alum-lnematoxylin) . 

One or more true nucleoli , or plmmosome.s (Ogata 1883), are usually 
pi'csent in the nucleus. A single nucleolus is probably characderistic of 
most nuclei ; there are rarely many, and in some cases there is none*. The 
nucleolus may be in close organic connection with the nuclear reticulum 
or it may lie entin^ly apart from it. In composition it consists largely of 
such oxychromatic substances as plastin and pyrenin, or of nuclein well 
saturated with protein (Zacharias). It usually stains with the a(;id 
dy(\s: by a proper seh'ction of stains it may, therefore, be distinguished 
from the karyosomes, which, being composed of basichromatin, take the 
basic dyes as a general rule. In structure the nucleolus may appear to 
be homogeneous throughout, like an oil globule; in other cases it has an 
outer envelope of different consistency and staining reaction. Very often 
vacuoles, occasionally containing granules, arc present in the interior, 
(h’ystalloid bodies are also frequently observed in the nucleolus (Digby 
on Galtonia, 1910; Reed on Allium^ 1914; Kuwada on Zea, 1919). In 
the epithelial cells of the frog intestine Carleton (1920) finds one or more 
intranucleolar bodies which he calls “nucleolini.” These appear to 
divide and pass to the daughter cells at the time of mitosis, and may 
possibly initiate the formation of new nucleoli in the daughter nuclei. 
Montgomery (1899)^ concluded that the nucleolus grows in size by the 
apposition of smaller particles of nucleolar material on its surface, and 
by the intussusception of vacuolar substance arising outside the nucleolus. 

Function of Nucleolus.—Various opinions have been entertained re- 
garding the function of the nucleolus. By many workers it has been 
looked upon as chiefly a passive by-product of no further use in the life 

^ An exhaustive review of the literature dealing “with the nucleolus up to 1890 
is given in this paper. 
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of the cell (Haecker). Strasburj^cr (1895, 1897), who observed the dis- 
appearance of the nucleolus at about the time the spindle fibers appear 
during the prophasos of mitosis, comrluded that it is a mass of reserves 
kinoplasm which gives rise indiretdly to the achromatic figure. While 
some have agreed in the main with this conclusion, many have dcniiul 
the relationship of nucleolus and spindle, contending that the former is 
rather a reserve constituent for the linin reticulum (Kiseii 1900) or the 
chromatin (Schurhoff 1918). Frequently the bulk of the basichrorn- 
atic material of the nucleus is lodged in the nucleolus at certain stagers. 
In the somatic nuclei of Marailia (Fig. 17, F), for example, Berghs (1909) 
shows that it is transferred to the nucleolus during the telophases of 
mitosis, and returned to the reticulum in the following prophases. This 
phenomenon, which has an important bearing on the role of the chrom- 
atin and the individuality of the chromosomes, will be referred to again 
in Chapter VIII. 

In many cells, as shown by the work of the zoologists the nucleolus 
appears to be concerned in the elaboration of seertdion and storage prod- 
ucts. In the eggs of certain animals Macallum (1890) showed that 
the nucleolar material, which appears to difhnentiatc? from the chrom- 
atin, passes into the cytoplasm and there comV)ines with {mother 
substance to form the yolk globules. In the cells of the pancreas he 
further found that material often pn^sent in the form of mu^leoli fumv 
tions in a similar manner in the production of zymogen. Many other 
observations of this general nature have been reported. In the silk- 
gland cells of certain insects it Inis recently been shown by Nakahara 
(1917) that some of the nucleoli, which may originally be passive by- 
products, later pass into the cytoidasrn and contribute to the formation 
of the secretion products. An extreme view of the importance of the 
nucleolus is that of Derschau (1914), who regards the nucleolus as the 
real center of the life of the cell. Granules of oxychromatin, he asserts, 
pass out from the nucleolus through the cytoplasm in the form of chon- 
driosomes, carrying bjisichromatin as a building material to the places 
where it is required. 

It is highly probable that the nucleolus has various functions in ilif- 
ferent cells, but in general we may conclude that it is a mass of accumu- 
lated material which is usually, though not always, utilized in the 
metabolic processes of the nucleus 

The Nuclei of Bacteria and Other Protista. — The question of the 
nucleus in bacteria is one that it appears to be particularly difficult 
to settle satisfactorily. This is due hot only to the minute size of these 
organisms, which makes special methods necessary and observation very 
difficult, but also to thei fact that a variety of conditions seems to be 
present in the group. That the bacterial cell is devoid of a nucleus ‘has 
been held by several investigators including Fischer (1894, 1897, 1899, 
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1903), who looked upon the observed granules as reserve materials 
rather than nuclear substanc(^ Migula (1894, 1897, 1904) regarded (he 
existence of nuclei in bacteria as vcuy doubtful. The majority of workers, 
on the contrary, have held that a nucleus or at least nuclear material is 
present in some form. The most striking view is that which regards tlie 
whole cell in some cases as a naked nucleus (lliippe 188(); Zettnow 1891, 
1897, 1899; Ruzicka 1908, 1909; and, in (he case of small l)acteria, 
Biitschli 1890, 1892, 1890, 1902). The evidence advanced in support of 
this hypothesis, however,, is of very d()ul)(ful value. 

In many bacteria, particularly the largcu* forms, theie is present a 
granular substance which has certain charac(('ristics of chromatin, and 
which in some species exists as a single w(41 deliru'd mass. The ''central 
body” of the sulphur l)acterium Biitschli regarded as the homologue of a 
nucleus, the peripheral portion of the cell Ixmig cytoplasm. In a careful 
study of the entire life cycle of Bacillus BiHschlii Schaudin (1902) found 
that the chromatic material presimt during most of the cy(*le as chromidia 
unites at certain stages to form peculiar spiral figures; in the spores it 
takes the form of dense masses. Such scatteixMl chromidia and "s[)iral 
filament nuclei” were also observed by Ouilliermond (1908, 1909), who 
has given a review of thesubji'ct (1907). Nakanishi (1901), whoemployed 
both intra-vitam methods and fixed material, n'ported th(^ presmuni of 
nuclei in the vegidative c(‘lls and spon's of a number of sj)ecies. 

The nucleus of the large Bacterium (jammari was studied by Vcjdow- 
sky (1900), who in 1904 descrilied its division by mitosis. Mend (1904, 
1905, 1907, 1909) dcmonsti‘at(Ml by caixdul methods the nuclei in many 
species and also reported mitotic division in Bacterium (jammari. Doubt 
concerning the systematic position of this form, howiwer, has b(‘(m raised 
by some investigators, who think it not improbabk* that- it- is a yeast- 
like fungus rather than a bacterium. 

Dobell (1908, 1909, 1911), whose review of the subject has been of 
service in the pr(‘paration of this summary, has studi(Ml with much care 
many species of bacteria in their natural (ailture media. His conclusions 
are summarized in the following (|uotation (1911): 

“All bacteria which have been adequately investigated are— like all 
other Protista — nucleate cells. 

''The form of the nucleus is variable, not only in different bacteria, 
but also at different periods in the life cycle of the same sp(H*ies. 

“The nucleus may be in the form of a discrete systmn of granules 
(chromidia); in the form of a filament of various configuration; in the 
form of one or more relatively large aggregated masses of nuclear sub- 
stance; in the form of a system of irregularly branched or bent short 
strands, rods, or networks; and probably also in the vesicular form char- 
acfferistic of the nuclei of many animals, plants, and protists. 

“There is no evidence that enucleate bacteria exist.” 
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The apparent diserepaney between this view of bacterial organization 
and that of Minchin, stated below, will be seen to be largely a matter of 
terminology. 

It is therefore among the Proitsta that the widest departun's from 
the usual type of nuch'ar structure are found, certain of them in all prob- 
ability representing relatively primitive stages in the evolution of the 
true nucleus. Such an interpretation is evidently to be placed upontlie 
“distributed nuclei” seen in certain bactx'ria, protozoans, flagellatc'S, 
and Cyanophyceic (p. 202), which consist of granules of a material akin 
to chromatin scattered throughout the c(dl, sometimes with a limiting 
membrane of some sort but often with none. It is doubtful if granules 
scattered with no definite limitations throughout tla^ cell, as in Chamia 
teres (Fig. 17, D) or Chroococcus lurgidus (Fig. 72, .4), should be spoken 
of collectively as a nucleus. As pointed out at the beginning of this 
chapter, it seems prefcu’able to cc'rtain workers to limit the term to tliost; 
chromatic aggregations which actually have the characters of a dcdinitely 
localized organ. In discussing the advisal)ility of so rest rict ing the appli- 
cation of the term Minchin (1912, Chapt(‘r VI) points out that “the word 
‘chromatin^ connotes an essentially physiological and biological con- 
ception . . . of a substance, far from uniform in its chemical nature, 
which has c(‘rtain definite relations to the life history and vital activities 
of the cell. Tlie word Tiucleus,’ on the other hand . . . is essentiidly 
a morphological conception, as of a body, contained in the ccdl, whi(‘h 
exhibits a structure and organization of a certain complexity, and in 
which the essential constituents, th(' chromatin particles, are distributed, 
lodged, and maintained, in the midst of achromatinic ehunents which 
exhibit an organized arranegment, variable in diffenmt species, but more 
or less constant in the corresponding phases of the same sf)ecies.” Ac- 
cording to this int(‘rpretation the term ‘‘nucleus” would not b(‘ applicable 
to a mass of granules (chromidia) scattered throughout the cell. Minchin 
states further that “ . . .as soon as a mass or a number of particles of 
chromatin begin to comHuitrate and separate themselves from the sur- 
rounding protoplasm, with formation of distinct nuclear sap and ap- 
pearance of achromatinic supporting elements, we have the beginning 
at least of that definite organization and structural (complexity which is 
the criterion of a nucleus as distinguished from a chromidial mass.” 

Those Protista of the lower (bacterial) grade, in which there are only 
scattered grains of chromatic material, are looked upon as “non-cellular ” 
in organization by Minchin, who believes that from such a primitive 
state the “strictly cellular grade of organization has been evolved by 
concentration of some or all of the chromatin to form a nucleus.” In 
its simplest condition such a nucleus consists of one or more chromatin 
granules in a sort of vacuohe, and is known as a “ protokaryon.” In oth^ 
cases the chromatin forms a single large mass at the center of the nucleus 
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(^‘vesicular iiiickHis”). Siiico “tlio rbroinatic ])articl('s an' tlu' only coii- 
stitiients of the cell which maintain persistently and uninterruptedly 
their existence throiijj;hout th(‘ whole life cycle of livinji; orj>;anisins uni- 
versally,’’ Minchin (lOUi) bcliev('s that the earliest livirifi; thinp:s, which 
he calls “ Biococci,” were minute particles of a chromatin-like sul)stance. 
These were the ancestors of t he i)r('sent chromatin ^^rains and find th('ir 
nearest modern representatives in certain pathoj>;enic Chlamydozoa. Ac- 
cordinj*; to this vi('w th(^ cytoplasm was diffen'iitiated later in the ('volu- 
tion of the cell, whereas the more ^('iieral view probably is that chromatin 
and cytoplasm were coexistent as t wo substances in cells from tlnu'arlic'st 
known stages (Wilson).^ 

The Function of the Nucleus. ~ It may lx* said without n'sc'ivation 
that the nucleus dominates th(' morphological and physiological (!hang(\s 
in the cell. Although the type of organization fornu'd by a nucleus in 
combination with cytoplasm is recpiircd for tin' carrying on of c('ll activity, 
it is nevertheless evident from a huge mass of accaimulated obs('rvations 
that in the nucleus is to b(; found the (a'liter of control foj‘ both the func- 
tional activities and for cell reproduction (cell-division). Many years 
ago (daude Bernard (1878) pointed out that while the (cytoplasm is the 
seat of destructive metal)olism, th(^ nucleus is the seat of constructive 
metabolism, this physiological offering “the k('y to its significance? as 
the organ of development, n'generation, and inh('ritan(*e ” (Wilson). TIk? 
inability of a cell depriv(‘d of its nucleus to c.arry on synthetic metabolism 
in any comi)l(‘te manner has often been noted, though such a cell may not 
perish for some time. The mammalian erythrocyte., for examph', los(‘s 
its nucleus at an early stage and may continue to ('xist in the enucleate 
state for from 15 to 30 days (Hunter, Quincke). Klebs found that 
enucleate cells of Spirogyra may continiK? for some time to form star(*h. 
But such cells are apparently unable to divide? or to im^rease their bulk 
by the elaboration of new cell substaiu'e. Many ordinary activit i(‘s, such 
as cell wall formation (Townsend 1897; Gerassimow 1899, 1901), fail to 
occur. From such observations it is concluded that the nucleus is nec- 
essary for the synthetic proce.sses associated with growth and reproduc- 
tion. This conclusion is supported by the facts of n'generation. 

The r(Mc of the nucleus in regeneration was strikingly shown by the 
well known experiments of Gruber (188.5) and F. R. Lillie (1890) on Sten- 
tor. This unicellular organism, which has a nucleus like a string of beads, 
may be cut into fragments: any fragment containing a portion of the 
nucleus has the power of regenerating a (complete new animal, whereas 
enucleate fragments, although thc'y may live for a little time, undergo no 
regeneration and eventually perish. 

* For inor(? cornplolo d(\scription.s of the ruick'i of ProtLstu tlio works of Wilson 
(1900) and Mincliin (1912) should he eon.sulU'd. The behavior of such nuclei at the 
time of cell-flivision is briefly described in Chapter X of this hook. 
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A number of biologists (Gruber 1886, Hertwig 1898, Heidenhain 1894, 
Henneguy 1896, Conklin 1902) concluded that in general the chromo- 
somes (basichromatin) are concerned chiefly with diffei*cntiation and 
regulation, while the achromatin (oxychromatin) has to do with metabo- 
lism (Conklin 1917). Metabolism is in reality a great complex of 
reactions: the reactions are not independent of one another but are closely 
correlated, and thus constitute an intricately adjusted reaction system. 
Among these many reactions, according to modern physiology, the most 
important is oxidation, for the energy utilized by the organism is derived 
immediately from the union of protoplasm or of its constituent elements 
with oxygen. Oxidation has been called the independemt variable’' 
(Loeb and Wasteneys 1911) upon which the other reactions largely 
depend: oxidation is the dominant factor in cell activity, and it is there- 
fore of the greatest importance to understand as well as possible the rela- 
tion of the parts of the cell to this process. 

Following the experiments of Spitzer (1897), who observed thatnuclco- 
proteins extracted from certain animal tissues have the same oxidizing 
power as the tissues themselves, it was advocated by Loeb (1899) that the 
nucleus is the center of oxidation in the cell. Loeb pointed out that this 
would explain the inability of enucleated cell-fragments to undergo 
regeneration. This conclusion was supported by It. 8. Lillie (1903), who 
later (1913) showed that rapid oxitlation oc(;urs both at the surface of the 
cell and at the surface of the nucleus, and also by Mathews (1915). Other 
workers (Wherry 1913, Schultze 1913, Reed 1915) however, have failed 
to agree. Osterhout (1917), who briefly summarizes the subject, found 
that ‘‘injury produces in the leaf-cells of the Indian Pipe {Monotropa 
uniflora) a darkening which is due to oxidation. The oxidation is much 
more rapid in the nucleus than in the cytoplasm and the facts indicab^ 
that this is also the case with the oxidation of the uninjured cell.” 

The role of the nucleus in development and inheritance, which has 
been a subject of so much discussion in recent years, will be dealt with 
in later special chapters (XIV-XVITI), after the behavior of the nucleus 
in somatic cell-division, maturation, and fertilization has been described. 
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CHAPTER V 


THE CENTROSOME AND THE BLEPHAROPLAST 

THE CENTROSOME 

For a full description of the morphology and Ixduivior of the centro- 
sonie, based upon IIk' large amount of work doin' on animal cells prior 1o 
1900, refenmee should b(' mad(' to Wilson’s book on the cell In the 
pres(‘nt account attention will b(‘ devot('d mainly to (*(mt rosonu' st ructures 
in plants. The centrosomes of animal cc'lls will be describi'd only in 
general terms, their role in cell-division being d(‘alt with in latc'i* chapters. 

Occurrence and General Characters. — ^TIk' c('ntrosome is an organ 
which is charactc'ristic chic'fiy of th(‘ cells of animals: in the gri'at majority 
of these cells it has Ix'en found, at least during (‘(utain stagi's. In plants 
centrosomes are limited to the cells of alga* and fungi and the spermato- 
genous cells of certain bryo{)hytes and ])t(‘rid()phytes. Jf the* bh'phai’o- 
plast be regarded as a modified c(*ntros()me, a (pK'stion which will be 
discussed further on, all motile cells (spermatozoids) of bryophyt(*s, 
pteridophyt(‘s, and gymnosp(*rms must l)c lookc'd upon as possessing 
centrosomes. During the last decade of tin* ninetec'iith ('('iitiny S(‘veral 
botanists reported the presence of c(‘ntrosomes in tin* c(‘lls of a number of 
angiosp(*rms, but tlu'se cas(‘s have all failed to stand tin* t(‘s( of sul)S(*(pi(*nt 
more critical res(*arch.‘ 

It is scarcely possible to give a description which will apply to all 
centrosomes, since^ to any rule* th<*re arc* ap[)arc*ntly c'xc'c^ptions. The 
‘"typical” centrosome, as sc'en in animal cc'lls, is a very minute* granule, 
which stains intc*nsely with certain dyes. It is usually situated in the 
cytoplasm, but in some cases it is found within the nucleus (Fig. IS). 
It commonly lies in a more or lc‘ss hyaline mass of matc*rial, called the 
cemtrosphere (Strasburger 1892), atiraciion sphere (van Renc*clen 1883), 
astrosphere (Fol 1891), or hyaloplasm sphere (Wilson 1901).- This c;entro- 
sphere may often show two or more concentric zones differing somewhat 
in structure and appearance* (Fig. 60). At certain stages, espcarally 
during nuclear division, the centrosome becomes thc^ focus of a system of 
clc*licate rays known collectivc’ly as the aster (Fol 1877). The aster will 

• For a rovic'vv of thc*sc (*,asc's .s(Mi Kocrriic,kc* (1903, 19()(>). 

* Thfiro has liccai iniicih confusion in thc^ application thc'.sc^ t(*rms. ftSc'C' Wilson 
1900, p. 324.) 
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receive eonsideniiioii in the chapter on the aclironiatic figure. ' Very 
often there arc two centrosonios lying side by side in the eentrosphere, 



J'kj. IK.— (’oiitrosoiiH's ill animal cnlls, 

A, attraction sphoro almvo nuclous in .spmnialocytc of SaUwiaiuira. {After Rainl:; 
see a/.so F'ii). SO.) H~F, intranucloar (•(mtrosomo in spiTtnatoc.vto of .l.vca/iM fiK’i/d/occpfidhi 
and its behavior during the prophasi's of mitosis; r, (•(MitrosfilMMc: rhr, chromosome tetrad. 
{AfU'r liraiter, IKiKb) 


the two hawing arisen by (h(‘ division of one, jipparently in {trt'ptiration 
for the next cell-division (Fig. Ih). Von Winiwarter (1912) noticed 
that in interstitial testicular cells, which may 
have one, two, or four nuch'i, tluM't' are rt'- 
spectively two, four, and eight rod-lik(‘ ctm- 
trosoines lying in midst of a granular mass 
(‘hdiosome’O. In some cells there may 1)(‘ a 
larger number of smaller “c<‘ntri()les” rather 
then one centrosome, and occasionally tlau'e art' 
one or more concentric st'rit's of granules about 
the central c(‘ntrosome. Several such types 
described by various writers are shown in 
Wilson’s Fig. 152. It is questionable how far 
these ar(‘ normal appearance's, for (’hambers 
(1917) asserts that several of them may b(' |)ro- 
diKTcl in the animal egg by sulqecting the latter 
to abnormal environmental conditions. 

Individuality.— ddu' centrosome was dis- 
covered and described by Idemming (1875) 
and independently by van Bi'iieden (1870). In 
1887 van Bcneden and Boveni, as a ivsult of 
their researches on the thread-worm, Ascans 
megalocephala, independently concluded that the 
centrosome, like the nucleus, is a permanent cc 
organ maintaining its individuality throughout 

1 o.n ibp ctMilrosoiuc to tlu‘ Jichromatic figure it will 1)0 
nooZrri'rmak,; refer™.- to the latter. Chapter IX ahouhl he eonaolled 
in this connection. 



Fio. 


19. (’entrosonu's in 
opitholial ccUh. 

.1, from cornea of mon- 
key. li, fnnn gu.stric glaiui 
of man. {After Zimvicr- 
mann.) 
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successive cell generations. They observed that, prior to cell-division, 
the centrosorne divides to form two daughter centrosomes, which move 
apart to opposite sides of the cell and form the poles between which the 
mitotic figure is established; and further, that after cell-division is 
completed the centrosorne included in each daughter cell does not 
disappear, but remains visible in the cytoplasm through the ensuing 
resting stage. Because of this striking behavior at the time of cell- 
division (sec further p. 177) the centrosorne soon came to be known as 
“the dynamic center of the cell.’^ 

The above facts seemed to constitute ample ground for the conception 
of the centrosorne as a permanent cell organ, but many obstacles have 
been found in the way of its acceptance as a theory of universal applica- 
tion. At certain stage's in the^ history of many animal cells its presence 



Fig. 20. — Artififial cytasters in the CjKK of Arhacia. {After Morgan, 1S99.) 

cannot be demonstrated, and it is entirely absent from the cells of higher 
plants. Furthermore, Mead (1898) and Morgan (1896. 1898) found that 
the formation of ceptrosomes with asters may be induced in the eggs of 
certain animals by artifical means (treatment .with NaCl and Mg(^l 2 
solutions) (Fig. 20), and it has been claimed that centrosomes so formed 
may function normally in the ensuing division (cleavage) of tlie egg. 
Contrary to the opinion of Boveri (1901), Wilson (1901) regarded such 
“artificial cytasters” as true asters with true centrosomes. Conklin 
(1912), however, contends that they do not function in mitosis. It is 
probable that no single conclusion can be drawn concerning this matter 
which will apply to all cases. There seems to be good evidence for the 
view that the centrosorne in some tissues exists as a permanent cell organ, 
dividing at each mitosis and remaining visible through the resting stages, 
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at least for a number of cell generations. In other cases it disappears at 

e t _ tosis. the fact that the formation of controsornos may be 
brought about by arfficud .ncans suggests that the regular appearance o^ 
the centrosome ,m succes.s.ve mitoses is closely associated w5h reg^ larry 
recurrmg phys.olog.cal conditions in the cell; and that its presenc n 
successiye cell-diy.s,or.s does not require an uninterrupted n.o pholomc 
contmmty hrough he mteryening stages Its constant presence in some 
tissues probably md.catos the continuity of some physiological function 
Centrosomes m Alg*..-_()„e „f the earliest known centro.somes iii 
plants was that of the diatom ^urirella, diseovered by Smith 

a900^"* it li’ H ''f Lauterborn (1896) and Karsten 

( 0 ). It lies neai the nucleus, becomes surrounded by radiations, and 

d.yides to form the central spindle of the mitotic figure in a yery 
peculiar manner. •' 



Fkj. 21.- ( ViitrosoMios in alga?. 

A, Stupocanlon. (After Snuurjlc, 1.S97.) H, Stypoeaulon. (After ICRcoyn, 1909.) C 
x*ntrosphere-like bodies in PolyNiphonia. (After Yamnnouehi, 190G.) /> E Diehwtn 

<lirhotoma. (After M attic r, 1900.) ^ uwiyoui 

Centrosomes in the Sphacolai iacesc have been described by Humphrey 
(1894), Swinpile (1897), Strasbur^rer (1900), and Escoyez (1909). In the 
vegetative cells of Sphacdoria, according to Strasbiirger, the centrosome 
is situated in a centrospherc at the focus of an aster. Previous to mitosis 
it divides into two which take up positions at opposite poles of the 
spindle. In Stypoeaulon (Swingle) essentially the same condition exists 
(Fig. 21). Escoyez lati'r concluded, however, that the asters of Stypocau- 
Ion are formed independently rather than by division, and that the 
central corpusclse are probably not true centrosomes, but cytoplasmic 
microsomes. 

‘ This review of plant centrosomes and also that of the blepharoplast in subsequent 
pages are based upon similar reviews given by the author in his paper on Spermato- 
genesis in Equisetum ( 1912 ). 
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In the (Kigoniiini and segmenting oospore of Fucus Fanner and 
Williams (1896, 1898) described two centrosphcres containing granules 
and arising independently at opposite sides of the nucleus. Strasburger 
(1897) reported definite centrosomes with asters all through mitosis. 
In the sporeling he observed appearances indicating the division of the 
centrosome, and concluded that the latter represents a permanent cell 
organ. In a very detailed investigation Yamanouchi (1909) demon- 
strated in the antheridium and oogonium two very definite centrosomes, 
which appear independently of each other, become surrounded by con- 
spicuous asters, and occupy the spindle poles during mitosis (Fig. 61, C). 
He further showed that when the sperm reaches the egg nucleus a new 
centrosome appears on the nuclear membrane at the point where the 
sperm enters. 

In Diciyola dichotoma Mottier (1898, 1900) states that in the two 
divisions in the tetrasporocyte, in at h'ast the first three or four cell 
generations of the sporeling, and in all the vegetative cells of the tetra- 
sporic plant curved rod-shaped c(‘ntrosomes with asters occur at the 
spindle poles, the two having arisen by the division of one during the 
early phases of mitosis (Fig. 21, /), K). Williams (1904) further reports 
that the entrance of the sperm causes a centrosome to appear in the egg 
cytoplasm. Centrosomes in Nemaiion were d(\scribed by Wolfe (1904) 

In Foli/siphonia violncea (Yamanomdii 1906) there are prc'sent during 
the prophases of every mitosis two centrosome-like bodies in the kino- 
plasm at opposite sides of the nucleus. A little later the small bodies 
disappear, while the kinoplasrn takes the form of two large centrosphe re- 
like structures (Fig. 21, C); during the later stages of mitosis these fade 
from view. Yamanouchi believes that these structures do not represent. 
p(‘rmanent cell organs, but are formed de novo at the beginning of each 
mitosis. Somewhat similar temporary centrosphcres, with radiations 
but no centrosomes, are present in the tetrasporocyte of Corallina (Davis 
1898; Yamanouchi) 

Fungi. — Among the fungi the best known centrosom(\s are those of the 
Ascomycetes (Fig. 22). Harper (1895, 1897, 1899, 1905) described granu- 
lar disc-shaped centrosphcres surrounded by asters at the poles of the 
spindle in the asci of Peziza, Ascobolus, Enjaiphe, Lachnea^ Phyllactinia, 
and other genera. He regarded tlnun as permanent organs of the cell. 
In a recent paper (1919) he speaks of the ascomycete centrosome as a 
structure differentiated ‘^as a region of connection between nucleus and 
cytoplasm and for the formation of fibrillar kinoplasrn.'' Harper be- 
lieved the ascospore walls to be formed by the lateral fusion of the curved 
astral rays focussing upon the centrosome, a point disputed by Faull 
(1905) and others. Centrosomes in additional genei’a were figured by 
Guilliermond (1904, 1905). In G allactinia succosa (Marie 1905; Guillier- 
mo»d 1911) a single centrosome, whi(4i arises within the nucleus with a 
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.one of fibrils cxtondinK toward the ..hronuatin, divides into two wldcd, 
brkc up pos,t>ons oppos.te each other at the .uudear .ne.nbrano a I 
tune asters develop m the evtonlasin F.,„ii noor\ f i ’ 

NMla. s x,,. i" 

,.ppc,r to bo .ii«.„i,l . ,i|„ ,1,0 0 l b, 1,0 , T'“ 

and s-naller dur.n, nutosis. In llu>nana ruHlun. Miss hVasc^ i i 
observed two een roso.nes lyinR near eaeh other, eaeh at the apex , 
cone of fibers an<l surround., 1 by a faint aster. Tlubs,. nu,ve a H In 



Fio. 22. ( ‘(Mitro.sonu's ill a.sfoniyccif's. 

A-C, Phyllacluiia conjlni: division of nucleus in jiscus, showing heluivior of centro- 
«onics. D, KrUiphc cichoracearuni: formation of aseopore wall. {After Harper, 1905.) 


establish the spindle in the usual manner. Centrosomes arc also figured 
in Ascoholus and Lachnea by Fraser and J3rooks (1909); in Oiidea and 
Peziza by Fraser and Wclsford (1908); in Microsphmra by Sands (1907); 
and in Pyronema by Claussen (1912). 

In the Basidioniyeete Boletus (Levine 1913) the centrosomes present 
during the last mitosis in the basidium attach themselves to the basidiurn 
wall, and in close connection with them the daughter nuclei are recon- 
ritructed. They mark the poiids of origin of the sterigmata and eventu- 
ally pass into the spores. 

0 
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Bryophytes. — The first centrosomc known in the liverworts was that 
of Marchantia described by Schottlander (1893), according to whom the 
centrosome in the spermatogenous cells divides* during the anaphases of 
mitosis, so that each daughter nucleus is accompanied by two (P'ig. 27). 
In the garnetophytic cells certain minute bodies with radiations at the 
poles of the elongated nucleus and of the spindle wore believed by Van 
Hook (1900) to represent centrosomes. Centrospheres with conspicuous 
radiations but without true centrosomes were described in the mitoses of 
the germinating spore of Pellia by Farmer and Reeves (1894), Davis 
(1901), and Chamberlain (1903). Grdgoirc and Berghs (1904), however, 
pointed out that the centrospheres observed by the foregoing writers in 
Pellia are in reality only appearances due to the intersection of numerous 
astral rays, and are not distinct bodies. 



Fio. 2;^. — Ccntrosonie.s in Preiasia quadrata. 

A, in fertilized egg just prior to nuclear fusion, B, in cells of young embryo. {After 
Graham, 1018.) 


In the cells of Preissia quadrata Miss Graham (1918) has more recently 
made some observations of much interest. She describes and figures two 
distinct centrosomes with a few astral rays in the cytoplasm of the fer- 
tilized egg, at the time when the sexual nuclei arc approaching each other 
and in contact (Fig. 23, ^4). This, together with Yamanouchi’s observa- 
tion on Fucus and that of Williams on Dictyota, cited above, suggests 
that in certain plants, as in animals, the formation of centrosomes and 
asters in the egg cytoplasm is in some way induced by the entrance of the 
sperm. Similar appearances have been noted by Meyer (1911) in Cor- 
sinia and by Florin (1918) in Riccardia (Aneura). Centrosomes were 
also observed by Miss Graham in the four-celled embryo of Preissia 
(Fig. 23, R), this being one; of the only cases in which centrosomes have 
been seen in non-spermatogenous cells in plants above the algae. 

Conclusion. — With regard to centrosomes in plants, it may be con- 
(■luded from the above review that although there is no adequate evidence 
for their existence in the cells of angiosperms, they are clearly present in 
many algae, fungi, and probably certain bryophytes, where they perform 
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(lefiliito i unctions in the lite oi the cell. The (iiiestioii of centrosoines in 
the spermatogenous cells of bryophytes, pteridophytos, and gyninosix'rnis 
is dealt with in the following discussion of tlu* blepharoplast. 

THE BLEPHAROPLAST 

Occurrence, the blepharoplast, as indicated by th(‘, name givcMi to 
it by Webber (1897), is the cilia-b(‘aring organ of the cell. Hlepharo 
plasts of one kind or another are found generally in the inotih' cells of 
plants and animals, such as motile unicellular organisms (Flagellata, 
Ciliata, etc.), swarm spores, spermatozoa, and spermatozoids; and also 
in cells which, though not freely motile tluanscdves, have motile organs 
performing other functions, as in the case of ciliat(‘d epithelium. In 
plants blcpharoplasts arc most conspicuously displayed in the spc'rma- 
togenous cells of bryophytes, pteridophytes, and gymnosperms (cycads 
and Ginkgo), when' their striking resemblance to ordinary c(mtros()m(\s 
has led to much controversy over their nature*. vSomc cytologists have* 
regarded the blepharoplast as a more oi* less modiiieal centrosome, wheie*- 
as others have contended that it is ii special kinoplasmic or cytoplasmic 
organ distinct from the* centrosome. In r(‘cent, years the evidenex* has 
tended strongly to sui)por1 the former view. 

In the following pages the bl(*pharoi)lasts of various organisms and 
the manner in which they function in tin* development of the motor 
apparatus will be described in sonu* detail. Attention will be giv(‘n 
chiefly to the situations found in plants; the corn'sponding phenomena 
in animals will be more briefly considered. 

Flagellates. — In the flag(dlates several types of tlagellar a])j)aratijs 
are found (see Minchin 1912, pp. 82 IT., 202-3): in one series of forms 
the cell contains a single nuch'us and “centriole," the latter functioning 
both as a centrosome and as a blepharoplast. The carntriole may lie 
cither against or within the nucleus, so that the flagellum which grows 
from it appears to arise directly from the nucleus (Mastigma); in other 
forms {Mastigella) the centriole is quite indepeiuh'iit of the nucleus. 

In a second scries of forms a single nucleus and centrosome an^ ])res(‘nt , 
and in addition one or mon^ blepharopla.sts. Three conditions have b(Mm 
distinguished here: (a) at the time of cell-division the blepharof)lasts 
and flagella are lost, new blcpharoplasts arising from the centrosornes 
during or after mitosis; (h) the blepharoplasts may persist, dividing to 
form daughter blepharoplasts from which new flagella arise {Polytotn,eJl(i) \ 
(c) the centrosome divides to furnish a bh'pharoplast which subdivides to 
two: a distal blepharoplast or basal granule of the flagellum, and a 
proximal blepharoplast or ‘‘anchoring granule” at the surface of the 
nucleus, the two being conia'cted by , a delicate strand known as tin* 
rhizoplast, rhizonema, or cmlrodesmoiie (Peranema irichophorim). Entz 
(1918) has recently reinvestigated the structure of Polytoma uvella, first 
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described by ])angeard (1901), and finds the elaborate organization 
shown in Fig. 24. 

In a third scries of forms two nuclei arc present: a principal or trophic 



Fig, 24. I^iaKrani of stiiicturo of Polylovia iivcUa. {After Entz, 191 S.) 
a, end-piece of flagellum, b, uniform portion of flagellum, c, latcronema. d, baj^o- 
plast or basal granule, e, contractile vacuole. /, cell envelope, g, eyesi)ot. h, rhizonoma. 
i, karyoplast or anchoring granule, j, centronema. k, nucleolus. I, nuclear membrane. 
ni, .starch, n, surface of i)rotoplast. 

Fig. 25. — Trypanosoma theileri. 

A, flagellum inserted on basal granule. B, formation of new flagellum from daughter 
basal granule after division; nucleus dividing. {After Hartmann and NOtlcr, 1918.) 

one lying near or within the kinetonuclcus acting as the blcpharoplast ; 
(c) it IS possible that in some cases there is a blcpharoplast distinct from 
the centrosomes accompanying the two nuclei. 

In the trypanosomes (Fig. 25) the recent researches of Kuezynski 
(1917) and Hartmann and Noller (1918) have shown that the flagellum 
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is insertiMl on a ‘‘basal ^ranulo” ((‘('ntrosonic?) very noar the “blcpharo- 
plast” (kinctonucleiis?). At the time of coil-division tho tro|)hic nucleus, 
blopharoplast, and basal f 2 ;ranulo all divide, (he division of the blepharo- 
plast showing: certain features suf^s^vstinj? mitosis. Althou^^h earlier 
investi^^ators thou^^ht the flaj»:ellum also split, the above' named workers 
find that the old flagt'llum remains attached to one of the daughter l)asal 
granules while a new flagellum grows out from the other daughter granuh'. 

In flagellate organisms, therefore, the centrosome and the blepharo- 
plast clearly stand in very intiimite relationship with one another: in 
some of tho forms they ai'c o?ie and the same organ. 

Thallophytes. —Among the earliest investigations of the blepharoplast 
in algie were those of Strasburger (1802, 1000). During the development 
of the zoospores of (Edogoniunt, CJadophora, and Vaucheria Strasburg(u* 
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.10, formation of tho ciliM-bcarin^ riim in the S5ob.s|K)r(‘ of DtrUcsia. {Afhr Dan's, 
lOOS.) E, Slnnonitis jlaccida: cilia Krowiiijr from c(‘ntiw)rne.s during late .stage of division 
in the formation of swarmer.s. {After Jahn, 

found that the nucleus approaclu's tht' i)lasma membrane, which at that 
point forms a lens-shaped thickening. From this structure grow out the 
cilia, and at the base of each a small n'fractivt' granule is present. The 
blepharophists of the higher groups wt're believed by Strasburger to have 
been derived from such swollen ectoplasmic organs of the algte, and that 
all of them are morphologically distinct from centrosomes. Dangeard 
(1898) likewise found a deeply staining granule at the base of the cilia 
in Chlorogonum. 

In Hydrodidyon (1'imberlake 1902) the cilia arc inserted on a small 
body lying in contact with the [dasma membrane and joined with the 
nucleus by a delicate protoplasmic strand. The possible relationship 
of this body with the granuh's seen occupying the spindle poles during 
the formation of the spore cells was not determined. In the young 
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zoospore cell of Derhesia (Davis 1908) the nucleus migrates toward the 
plasma membrane, and from it many granules, which are not centrosomcs, 
move out along radiating strands of cytoplasm to the surface of the cell, 
where by fusion they form a ring-shaped structure from which the cilia 
develop (Fig. 26, A D). In the developing spermatozoid of Chara 
(Belajeff 1894; Mottier 1904) the blepharoplast arises as a differentiation 
of the plasma membrane and bears two cilia. No centrosornes or other 
granules were seen at the base of the cilia, although Schottlander (1898) 
had previously reported centrosornes in the cells of the spermatogenous 
filanient. 

In the zoospore of the fungus Rhodochytriuni (CJriggs 1904) there is a 
deeply staining body at the insertion point of the cilia; this is connected 
by fine cytoplasmic fibers with the nucleus. In the myxomycete Stemo- 
nitis Jahn (1904) made an observation that is highly suggestive in con- 
nection with the question of the relationship of the centrosome and the 
blepharoplast. At the last mitosis in the formation of the swarmers the 
spindle poles are occupied by centrosornes, and during the anaphases 
the flagella of the resulting swarmers grow out directly from these cen- 
trosomes (Fig. 26, F), just as in the spermatocyte's of certain insects 
(p. 95). 



Fig. 27. — Spcrinatogenosis in M archant ia. 

h, l)lopliaropla.st; c, controsonie; c, n., “ chromatoidor NeluMikdrpor ; ” n, nurkni.s. 
{After Ike no, 11)03.) 

Bryoph3rtes.^ — Among the bryophytes the blepharoplasts of Mar- 
chantia and Fegatella (Conocephahis) have received much attention. 
According to Ikeno (1903) a centrosome comes out of the nucleus at 
each spermatogenous division in Marchantia and divides to form two 
which separate to opposite sides of the cell, occupy the spindle poles, 
and disappear at the close of mitosis: it is possible that they are included 
in the daughter nuclei. After the last (diagonal) division, however, they 
remain in the cytoplasm as the blepharoplasts, elongating and bearing 
two cilia (Fig. 27). Another body, the chromatoider Nehenhorper^ is 
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also present in the cytoplasm. Similar in most points is tlm account 
of Schaffner (1908). Miyake (1905), as the result of his studies on 
Marchantia, Fegatella, Pellia, Aneuray and Makinoa, believes that such 
liverwort centrosomes are merely centers of cytoj>lasmic radiation, and 
inclines toward the view of Strasburger that the blepharoplast and tlu' 
centrosome are not homologous structures. Escoyez (1907) finds two 
''corpuscles’' appearing in contact with the plasma membrane in each 
cell of the penultimate generation in the anthcridia of Marchantia and 
Fegatella; they occupy th(^ spindle poles and function as blepharoplast s 
in the spermatids (the cells which t ransform directly into spermatozoids). 
Hollcter (1905) believes the centrosome-like body in Fegatella to arise 
within the nucleus. 

In the antheridium of Riccia Lewis (1906) reported centrosome-like 
bodies in both the early and diagonal divisions. They apparently arise 
de novo in the cytoplasm prior to each mitosis, showing no continuity 
through succeeding cell generations except afler the last mitosis, when 
they persist and become th(‘ bl(‘pharoplasts. 



Fig. 2S. -SixTiiiatoKencsis ill Rlania. 
h, blopharoplast; imcleu.s. X 4200. iAfter Sharp, 1020.) 


Woodburn (1911, 1913, 1915) has given accounts of spermatogenesis 
in Porella, AsterelUu Marchantia, Fegatella, Blasia, and Mnium, He 
finds that the blepharoplast is first distinguishable as a special granule in 
the cytoplasm of the spermatid, and holds that it represents, as Mottier 
(1904) had formerly suggested, an individualized portion of the kinoplasm 
arising de novo in certain spermatogenous cells. In a more recent con- 
tribution (Sharp 1920) it has been shown that in Blasia (Fig. 28) a 
blepharoplast is present at each spindle pole during all stages of the last 
spermatogenous mitosis, and that in the spermatid it fragments as it 
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becomes traiisforiiu'd into the cilia-bearinf'; thr(‘aci after the manner of 
the blepharoplast of Kquisetum, described below. 

Spermatogenesis in PelUa, Airichnm, and Mnium has been described 
by M. Wilson (1911). In Mnium and Airichum the spermatogenous 
divisions show no centrosonies, whereas in PelUa centrospheres, and 
probably centrosorncs, are present during the later mitoses. The origin 
of the blepharoplast as here described is very peculiar. In the spermatid 
of Mnium a numbc'r of bodies arc said to s(*parate from the nucleolus and 
pass out into the cytoplasm where they coalesce to form a Irmosphere. 
The. nucleolus then divides into two masses, both of which i)ass into the 
cytoplasm; om^ functions as the bleph.aroplast and the other gives rise 
to an accessory body. In Atrichum the first body separated from the 
nuch'olus l)('comes the blepharoplast, a second forms the limosphere, and 
a third the accessory body. In all three plants tlu' blepharoplast goes 
to the periphery of the cell and grows out into a thread-like structure 
along the plasma membrane. The- nucleus th(‘n moves against this 
I bread and the two grow together to form the spirally coikai spermatozoid. 
I'wo cilia grow out from the anterior end of the blepharoplast. 

The most detailed and critical of all res(\arches on the motile cells 
of bryophytes arc those of C. E. Allen (1912, 1917) on Polytrichum 
(Fig. 29). The first of these papers contains a description of the cyto- 
logical phenomena accompanying the multiplication of the spermato- 
geiious cells (androgones) up through the last mitosis, which differentiates 
the spermatids (androcytes). In the cytoplasm of all the androgones 
there is a deeply staining kinoplasmic mass; in the early androgones this 
has the form of a fiat plate, while in the later ones it consists of a group 
of granules (kinetosomes). Prior to each mitosis the plate or group 
divides to daughter plates or groui).s which pass to the daugher cells. 
In the cells of the penultimati* generation (androcyte mother-cells) there 
are no kinetosomes, but instead a sphericatl central body” with radia- 
tions. This body divides into two which move apart and occupy the 
spindle poles during the last mitosis. Each result iiig androcyte therefore 
has one such body, which functions as the blepharoplast . Allen does not 
regard the kinetosomes as definite morphological entities, l)ut rather as 
masses of reserve kinoplasm. The blepharoplast, however, is a definite 
cell organ, and although Allen inclines toward the view that it is the 
homologue of a centrosomc he regards the question as an open one. 
Sapehin (1913) looks upon these bodies as plastids. 

Allen’s second paper deals with the tran.sforniation of the androcyte 
(spermatid) into the spermatozoid^ The blepharoplast elongates to 
form a uniform rod and develops two cilia from near its anterior end. 
The nucleus moves against the middle portion of the blepharoplast and 
the two elongate together in close union to form the body of the sperma- 
tozoid, the blepharoplast projecting beyond the anterior end of the 
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Another body, the percmmvne, is also seen in the cytoplasm at certain 
stiigcs. In the opinion of Allen the liinosphere is probably idt'ntical with 
the chromatoider Nebenkorper described l,y Ikeno in Marchantia, and the 
perenosorne with what M. Wilson (1911) terms the accessory body. The 
fipi(;al body is h(‘n3 described for the first time by Allen 

Pteridophytes.~The early papers dealing with the 'spermatozoid of 
pteridophytes, such as those of Riichtien (1887), Oampbell (1887), Bela- 
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.iclT (1888), (luiKiianl (I88'J), aiid SchottliincUT (1803), give but littU; 
iiilormat.ioii eonceniing llie (leveloimient of the blopharoplast. Our more 
definite knowledge of t his subjecd. dates from 1897, when Belajeff published 
three short papers. In tlie first, of these (1897rt) it was stated that the 
fern sperniatozoid consists of a thread-shaped nucleus and a plasma band, 
with a great many cilia growing out from the latter. In the plasma band 
IS enclosed a thin thiead which arises by the elongation of a small body 
seen in the spermatid. In tlie second paper (1897ft) the blcpharoplast of 
liquiHclum was first des(a il:>ed as a crescent-sliaped l)ody lying against the 
nucleus of the sp(>rmal id ; this body stret ches out t o form the cilia-bearing 
thread. The third contribution (1897c) is a short account of the trans- 
formation of the spermatid iido th(' sperniatozoid in Chara, Eqiiimtwm, 




I’lO. SO,— SpurriiatOKCnwis in EiitihCum arrmse, .sl.owiuK Iwhavior of ^,l.■I)haI■ol>l.•lsl 
(..■oul.id.sonip) in Inst spei inntnKcn.)n.s mitosis and in trnnsformntion of spermatid into suer- 
matozoid. X 1900. (A/lir Sharp. . m.iuo inio spii 


and ferns. In all these forms a small body elongates to form a thread 
upon which small swellings arise and grow out into cilia. In a comparison 
with animal spermatogenesis Belajeff here homologized the blcpharoplast, 
the thread to which it elongtitcs, and the cilia of the plant, with the 
centrosomc, middle piece, and tail (perhaps only the axial filament), 
respectively, of the animal. In the following year (1898) he figured the 
dettuls made out in Gymnogramme and Equisetum. In Gyrnnogramme th(> 
two blepharoplasts appear at oppfisitc sides of the nucleus in the spermatid 
mother-cell, whereas in Equisetum a single blcpharoplast is first figured 
lying close to the nucleus of the spermatid. More recently it has been 
.shown (Sharp 1912) that the blcpharoplast of Equisetum (Fig. 30) appears 
first in the cells of the penultimate generation; there it divides to two 
which separate and establish between them the achromatic figure after 
the manner of animal centrosomes. At the close of mitosis the blepharo- 
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plasi; in tspernuit id Ira^iiients into a nundK*r of pieces; these laier 

join to form a continuous headed thiead from which the cilia grow out. 
In Eqaisetum tlie elongating nucleus and bl(‘pharoplast do not become 
closely joined, but are held together only by the ratlier al)undant cyto- 
plasm. The spermatozoid is multiciliate like that of all other pterido- 
phytes with the exception of Lycopodiuvi, Phylloglossiun, and Selagiticlla: 
in these three genera the spermatozoids are biciliate like those of the 
bryophytes. 

The most careful work on the blepharoplast of homosporous ferns is 
that of Yamanouchi (1908) on Nephrodium (Fig. 81). 
centrosoines are found. TIk' two ble{)haroplasts, 
which arise de novo in the cytoplasm of tlu; sp(U-m- 
atid mother-cell, take no active part in nuch'ar 
division, merely lying near the pol(‘s of the s|)indle. 

In the spermatid the blepharoplast elongates spirally 
in close union with the nuchais to form the body of 
the spermatozoid. In Adiantum and Aspidium Miss 
R. F. Allen (1911) and Thom (1899) see the blepharo- 
plast first in the spermatid. 

One of the most interesting blepharoplasts is that 
of Marsilia (Fig. 32), first described by Shaw (1898). 

According to Shaw a small granule, or ‘‘blcpharo- 
plastoid,” appears inair f‘ach daughter nucleus of the 
mitosis which differentiates the grandmothm-cell of 
the spermatid (the second of the four spermatogenous 
mitoses). During the next (third) division the 
blepharoplastoid divides but soon disappears, and a 
blepharoplast appears near each spindle pole. In the 
next cell generation (spermatid mother-cell) the 
Idepharoplast divides into two which are situated at 
the spindle poles during the final mitosis. In the 
spermatid the blepharoplast gives rise to several 
granules by a sort of fragmentation; these together 
form a thread which elongates spirally in close union 
with the nucleus and bears many cilia. The spermatozoid is of the usual 
fern type, with several coils and a cytoplasmic vesicle. Shaw saw in the 
foregoing facts no ground for the homology of the blepharoplast and the 
centrosome. Belajeff (1899) found that centrosoines occur at the spindle 
poles during all, excepting possibly the first, of the four divisions which 
result in the spermatids. He reported that after each mitosis the 
centrosome divides into two which occupy the spindle poles during the 
succeeding mitosis, and in the spermatids perform the usual functions of 
blepharoplasts. Belajeff regarded this as a strong confirmation of his 
theory that the blepharoplast and centrosome are homologous organs. 


In this form no 
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4 fir.t O.. ' ■*■' in ■yar.il, „ ,,,„uln/„lla. 
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mentation of lilepharoplast in spermati.l t'^' I'ecomnm vafuolate. F, fraK- 
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cytoplasnnc ortgin. On account of certain difference^betweer ft ‘ 
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1900) tcI MSe toot' "" 1899, 
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6). Up to the tiiiu; of the division of the body eel! the two blepharo- 
plasts, which arise de novo in the cytoplasm, ar<> surrounded by radiations, 
3u . , icy i.ive no jiart in the formation of tlie spindh', which is entirely 
in lanuc cai . Dui iiif; mitosis they lii? opposite the poles, increase greatly 
111 size, ecome vaeiiolate, and break up to many granules; these in the 
spermatid coalesce to form a siiirally coiled cilia-bearign band lying just 
inside the cell membrane. In his full account (1001) Webber gives an 
extensive discussion of the homology of the blepharoplast. 




I'ld. - SpornmtoKcno.sis in Zamia. 

A-E, five stages in the vacuoliition and fraKnientation of the lilejiharoiila.st during the 
mito.sis differentiatiiiM: tiie isperinatids. F, the two spernuitozoid.s in the end of tlie pollen 
tube; prothallial and stalk cells below, t'oinpare FIk. ,34. A-D, X .'i.'iO- E X 1*^00 
{After Webber, 1901.) 


In ikeno’s (1898) account of gametogonosis and fertilization in Cycas 
it was shown that tht3 blepharofilasts appear in the body cell, lie of)posite 
the spindle poles during mitosis, and break up to granules which fuse to 
form the spiral band in a manner similar to that describt'd by Webber for 
Zamia, The behavior of the blepharoplast in Microcycas (Caldwell 
1907) is essentially the same. 

Chamberlain (1909) observed in the cytoplasm of the body cell of 
Dioon (Fig. 34) a number of very minute '‘black granules’' which he was 
inclined to believe originate within the nucleus. Very soon two undoubted 
blepharoplasts are present, and are apparently formed by the enlarge- 
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of two of the black grarmh's. Very eoiispicuou.s radiations develop 
about them, and aft(‘r mitosis they form ribbon-like eilia-bearing bands 
in the spermatids as in tin* other cycads. 



Fki. 34. SpernuitoKCMe.si.s iu Dioon ninle. 

A, “body coll,” with blank granules in nytoplawni. X 1890. B, two blepharoplasts 
differentiated. X 1890. C, l)ody cell with two blepharoplasts; prothallial and stalk celts 
below. X 237. D, fraKinentation of blepharoplast in spermatid as spiral band begins to 
form. X 1890. E, portion of edge of spermatozoid, .showing spiral band cut at two points 
and cilia growing from it. X 94."). {After Chamhrrlnin, 1909.) 

Ikeno in 1898 expressed t he opinion that the blepharoplast of Ginkgo 
and the cycads is a true centrosome, a view shared by Chamberlain (1898) 
and Guignard (1898). Two additional papers dealing with this subject 
were published by Ikeno (1904, 1906). In the first of these he made 
comparisons with analogous phenomena in animals which he believed to 
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sustain the homol()^i;ies suggested by Belajeff. He pointed out that in 
Marchantia centrosomes arc present in all the spennatogenous divisions, 
whereas in other liverworts they appear much later, and from this he 
argued that the bryophytes show various stages in tlie elimination of the 
centrosoinc. He strongly reasserted his belief that blepharoplasts are 
centrosomes, and spoke of tlie ^transformation of a centrosome into a 
blepharoplast ” in the development, of a spermatid into a spermatozoid. 
The ectoplasmic blepliaroplasts of the alga? were also held to be derived 
from centrosomes. In the second paper he insisted less strongly upon the 
morphological identity of all blepharoplasts, separating them into thn'e 
categories: (1) centrosomatic ble])haroplasts, including those of the myxo- 
mycetes, bryophytes, pteridophytes, and gymnosperms; (2) plasmodcr- 
mal blepharoplasts, including those of Chnra and some Chlorophyceae; 
(3) nuclear blephaioplasts, found only in a few flag(‘llates. 

For a further discussion of this qiu'stion the student is referr(Hi to 
the present author’s papers on Equiset^on and Marsilia. The main 
conclusions reached may be stated in two extracts from the former paper: 

Although lirnibal to a single luitosis in the anthcriiliuin, the blepharoplast 
[of Equisetum] retains in its activities tlie most unmistakable evidences of a 
centrosome nature, and at the same time slio\ys a metamorpliosis strikingly like 
that in the cycads. In thus combining the mnin characteristics of true centro- 
somes with the pecadiar features of the most advanced ble])haroplasts, it reveals 
in its ntogeny an outline of the phylogeny of the blejdiaroplast as it is seen 
developing through l)ryophytes, pteridophytes, and gymnos[)erms, from a func- 
tional centrosome to a liiglily differentiated cilia-bearing organ with very few 
centrosome resemblances. 

'■Jdic activities of the blei)haroplast in Eqnisclum [Marnlia, and Blasia], 
taken together with the behavior of recognized true centrosomes in plants and 
analogous i henomena in animals, are believed to constitute conclusive evidence 
ill favor of the theory that the blepharoplasts of bryophytes, pteridophytes, and 
gymnosperms are derived ontogimcdically or phylogenetically from centrosomes. 

Animals. — The early rcsearch(‘S of Moore (1895), Moves (1897, 1899), 
Korff (1899), Paulmier (1899), and many other more recent investigators 
have established the fact that the centrosome (or centrosomes) of the 
animal spermatid plays an important role in the formation of the motor 
apparatus of the spermatozoon, the axial filament of the tail growing out 
directly from it (Fig. 35). Henneguy (1898) even saw flagella attached 
to the centrosomes of the mitotic figure in the spermatocyte of an insect, 
an observation which has been often repeated. Wilson (1900, p. 175) 
concludes that ‘The facts give the strongest ground for the conclusion 
that the formation of the spermatozoids agrees in its essential features 
with that of the spermatozoa ...” and that the blepharoplast is 
without doubt to be identified with the centrosome. 
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iipparaliis as eiiliioly iiidcpondont of (‘oiitrosoinos, holding rath(’r that if 
is produced by the diiferentiidion of chondriosoni(\s, and fliat the resem- 
blance of ciliated cells to spermatids, in which c(‘ntrosomcs do produce 
the motor apparatus, is an accidental one. 

Conclusion.— In conclusion it may be said that it is highly [)robable 
that cilia-bearing structures arc' not homologous in jdl plant and animal 
groups. It is beyond question that in animals the centrosomes of the 
spermatid produce the motor apparatus of the spermatozoon, ddiat a 
similar interpndation is to be placed upon t he blepharoplasts in the sper- 
matids (androcytes) of bryophyb's, pterido[)hytes, and gymnosperms 
appc'ars to be ecpially well dcmionstrated. The blepharoplasts of the 
flagellat(‘s are also probably c('ntrosomic in nature, at least in certain 
cases. In the plasmodermal blepharoplasts’’ of motile alga cells vv(^ 
have organs which, in the light of our pres(‘nt knowledge, do not a])pear 
to belong to the (‘entrosomi{; category, but final disposition of them must 
await further information concerning those algie which possess both cen- 
trosomes and bl(‘pharoplasts. It can scarc('ly Ix' doul)ted that the basal 
corpuscles of ciliated cells represcmtoi’gans belonging to various categories. 
It must be left for further resosarch to determine just how far these 
structures, which are functionally analogous, are homologous with each 
other and with other cell organs. 
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PLASTIDS AND CHONDRIOSOMES 
PLASTIDS 

Next to the nucleus, the most conspicuous organ held within the 
cytoplasm of the plant cell is the plastid. Gytologists have long been 
aware of the important i)hysiological roles played by plastids of various 
types in the life of the c(‘ll, but it is only recently that an added inter- 
est has been given these organs, by the discovery that certain peculiar 
characters showing definite modes of inheritance are closely bound u[) 
with their behavior. Such problems are complicated by the relation 
apparently borne by plastids to chondriosomes. In the present chap- 
ter will bo set forth some of the more important facds regarding thes(‘ 
two classes of cell elements. 

General Nature and Occurrence. — Plastids are differentiated portions 
of the protoplasm, as von Mohl long ago pointed out, and represent 
regions in which certain processes have become localized (Harper 1919). 
In view of their power of growth and division and their definite relation to 
certain important physiological functions they are to be regarded as 
distinct cell organs. 

Although plastids can be found in the cells of both animals and plants 
they are chiefly characteristic of the latter, where they are present in 
one form or another in all groups with the possible exception of bacteria, 
myxomycetes, and certain fungi. They arc abundant only in those plant 
parts which have to do with specialized physiological functions. Within 
a single cell there may be regularly but one plastid, as in many alga), 
Anthoceros, and the meristematic cells of Selaginella (Haberlandt 1888, 
1905); or two, as in Zygnema; or a ligher number, as in the green tissues 
of most higher plants. They lie imbedded in the cytoplasm and are 
often closely associated with the nucleus; they are never found normally 
in the vacuole. The positions which they assume within the cell are fre- 
quently related in a definite manner to certain external conditions: in 
the palisade cells of green leaves, for example, the chloroplasts are found 
near the upper surface if the incident light is weak, whereas they react to 
strong illumination by taking up less exposed positions along the lateral 
walls. 

Plastids may be conveniently classified on the basis of their contained 
coloring matters. This difference in color, however, is secondary in 
importance; the fundamental distinction is that based upon the kind of 
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pliysiological work b(‘iiig doiio, the various pigiiK'nls iK'ing associated in 
an intimate manner with ditTerent reactions occurring witliin the [dastids. 

Leucoplasts. — Leucoplasfs are relatively small and colorless. They 
are found commonly in the cells of meristematic tissue, and may be 
retained in some kinds of different iatcd cells, such as tla^ glandular hairs of 
Pelargonium. Kiister (1911) states that the hnicoplasts of Orchis are 
very fluid in consistency, undergoing ama4)oid changi^s of sha|)(i and 
multiplying by ii’regular fission. The smaller leuco[)lasts at)p('aj‘ to 
represent juvenile stages in the development of plastids of more highly 
differentiated types, for under certain conditions they devedoj) into the 
larger and mon; highly specialized leucoplasts known as (imyloplasts, and 
into the various kinds of chromatophores numtioned below. 

Chromatophores. — Chromatophores, or chromoplasts, are plastids bear- 
ing one or more pigments, and having thus a more or k'ss decided 
color. In green plants the most important of thes(' pigments are chlo- 



Fkj. 37. V arious forms of plastids. 

A, Draparna/dia. B, Spirofjyrn. C, Anthoa ros. J), <‘hromoi)lasts of Ariswma. E. 
coll of Selaoificlla, showing position assumed by plastid in respon.se to light (direetif)n shown 
by arrow). .1, B, and C show pyrimoids. {E After Ilahcrlondt.) 

rophyll, carotin, and xanthophyll. Chlorophyll is apparently a combi- 
nation of two simpler pigments, chlorophyll a and chlorophyll h. Tlie 
cells of the Plucophycetc, ( 'yanophyceie, and lihodophycete are cluiracttu- 
ized respectively by the presence of yellow carotin, blue phyco(!yanin, 
and red phycoerythrin, in addition to chlorophyll. The Cyano[)hycete 
exhibit an especially rich variety of pigmemts, which in many cases do not 
appear to be held within definite chromatophores.^ 

Chromatophores are usually spherical, ovoid, or discoid in shap(‘, but 
many pcjculiar forms are known, particularly among the green algae. In 
Ulothrix the chloroplast has the form of a completes or incomplete Jiollow 
cylinder; in Draparnaldia (Fig. 37, A), a hollow cylinder with veiy 

1 For the literature pertaining to plant pigments see Palladin 1918. See also 
llaa.s and Hill (1913), Willstatter and Stoll (1913), Jorgensen and Stiles (1917), 
Wheldale (191d), ^*i<l Heauverie (1919). The distribution of carotin is discussed in 
an earlier paper V)y Tainrnes (1900). 
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(‘lids; in /Edogonhan, an irr(‘fi;ular parietal lu'l ; in ^jH'roggni 
(Fig. 37, B), a spirally cadh'd ribbon; and in tlie dosinids, a series of 
radiating plates (Carter 1919, 1920). The chroma tophore of Antho- 
ceros (Fig. 37, C) is spindle-shaped, becoming chain-like in the elongated 
columella cells (Scherrer 1914). The chromatophore of Selaginella 
may also assume this form (llaberlandt 1888). The chromoplasts of 
Ariswma (Fig. 37, D) are frequently sharply angular. In the Clado- 
phoracc're (Carter 1919) the (‘ell is complet(4y lined by a tliin chromato- 
phore which may be entire or fenestrat('(l. In many cells irregular strands 
pass inward through the cell cavity. Indeed it seems not improbable 
that in some sucli cases the plastid may 1)(‘ not at all sharply distinct 
from the rest of the cytoplasm, the two grading one into the other, and 
the chlorophyll at certain stages p(‘rmeating all parts of the cytoplasm. 
The observations of Timberlake and Ilarp(‘r appear to show that such is 
the condition in the young cells of II gdrodictyon. Thus the physiological 
piocesses show various degrees of lo(‘alization in the cell, causing manifold 
(legre(\s of structural transformation and d(4imitation of the cytoplasmic 
r(‘gions involved (Harper). 

Of all chromatophon's the chloroplasls stand first in importanc'e, for 
they bear the green pigment, chlorophyll, which, in the presence of 
light, enables them to combine water from the soil or other surrounding 
medium with carbon dioxide from th(‘ atmosphere to lorm (carbohydrates, 
the first visible product Ixang starch. The chloroplasts arc therefore 
the world’s ultimate food producers. In addition to chlorophyll other 
pigments, notably xanthophyll, are usually piesent. Although the body 
of the chloroplast can be (hweloped in darkness, the chlorophyll will 
usually not be elaborated unless light is present. Most young seedlings 
grown in the absence of light show a pale yellowish color, which is due to a 
substance known as chlorophyllogen, contained in the plastids. When 
such ‘‘etiolated” plants are placed in the light the plastids become green, 
apparently through an alteration of the chlorophyllogen to chlorophyll 
(Monteverde and Lubimenko 1911). Other conditions necessary for the 
dcv(dopment (jf chlorophyll are a favorable teinperatuic and the pieseiice 
of iron, oxygen, and certain carbohydrates. 

The structure of the chloroplast is an extremely difficult matter to 
determine, and has been the subject of some controversy. It is generally 
thought that the body of the plastid is composed of a finely fibrillar 
meshwork, the stroma, which may be somewhat denser at the periphery, 
and that the coloring matters are h(4d in the meshes of the stroma in the 
form of minute droplets. No limiting membrane is definitely known. 
The included droplets arc apparently not composed of the pigments alone: 
it is probable that they arc rather globules of some oily or fatty material 
containing the pigments in solution. The pigments may easily be dis- 
solved out with alcohol and other reagents. On the other hand, it has 
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lieltl by .soino obsc'rvi'rs that the stroma is a homogeneous body in 
whioh the dioplets of ehloropliyll solution me imbedded, and that the 
r(dicular structure so of((‘n reported is an ai’tit’act diu; to the leagent 
employed in removing the ehloiojdiyll. By others the pigment has been 
thought to form a layer about the plastid. In any case it seems evident 
that the chloroi)hyll is not uniforndy distributed throughout the stroma. 
In (‘hromatophoies other than chloroplasts the pigments may at times 
lake the form of solid gramdes or crystals. 

Starch. — After a period of photosyntlietic 
activity the chloroidast contains starch, the first 
visible product of that activity, in the form of 
minute granules. This ‘^assimilation starch’' is 
formed within the body of the chloroplast, as 
Meyer originally showed (Fig. 38, A, B). It is 
later transformed through the agency of enzymes 
into some soluble compound, usually a sugar; in 
this form it may be carried to growing regions, 
where, after further changes, it is built into the 
structure of the plant. Or, it may pass to storage 
organs where it is transformed into the ordinary 
“reserve starch,” or “storage starch.” This de- 
IKJsition of reserve starch is brought about through 
the agency of amylo plants, which are leucoplasts 
capable of changing already elaborated organic 
materials, such as glucose, into starch (Fig. 38, C). 

Res(n*ve stanch, upon which we depend so 
largely for food, is a carbohydrate with a composi- 
tion expressed by the general formula (CrHioOs)!!, 
and exists in the form of granules ranging in size 
approximately from 2y. to 2(}(V in different plants. 
Potato-starch grains are usually about 90g in 
diameter. The reserve starch grain is formed 
within the body of the arnyloplast, and is made 
up of a series of concentric layers successively 
laid down about a center, or “hilum” (Fig. 39, A).^ In case the grain 
starts to form near the middle of the amylo[)last it may develop sym- 
metrically, but cormnonly the developing grain lies near the periphery 
of the jimyloplast, which becomes greatly distended as the grain grows. 
Mat(*rial is thus deposited unevenly upon the grain so that the latter 
becomes very eccentric; in extreme cases the grain ruptures the ainylo- 
plast and remains in contact with it only at one side, where all new 
material is then deposited. Several grains may start to develop simul- 

> For thf structure of the starch grain see the papers of Niigeli, Schimper, Meyer, 
Binz, Dodel, Salter, and Kramer, 



Fiu. 3S. — t’oriiiation of 
starch l)y plastids. 

.1. dividing chloro- 
plasts of Funaria, with 
grains of assimilation 
starcli. X 940. (After 
Strasburger.) ii, chloro- 
plast of Zyunema, with 
several largo s t a r c h 
grains about a central 
pyrenoid. (After Bour- 
rinin, 1917.) C, louco- 
plast (arnyloplast) in 
aerial tuber of Phajna 
fjrandifolius with grain 
of reserve starch. (After 
Strashunjer .) 
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laueously in n siu^i;l(' amyloplanf, hitcn- growing togelher to form a 
compound giain with mor(‘ than oik* hiliim. In case* thn parts making 
up the compound grain arc (‘nv(*lopcd in oiu* or more common outer 
layers the grain is said to be ^‘half-compound.” Potato starch is made 
up of simple, com|)ound, and half-compound grains, whereas in oats 
and lice all or nearly all of the grains are said to be of the coni|)()Uud type*. 
Ihe successively deposited lay(*rs making u]) tin* grain differ mainly in 
water content, the inn(*rmost lay(*rs being richest and the outermost 
poorest in wati'r. As a result of tliis non-uniform composition the grain 
often s[)lits radially wh(‘n drii'd. 



I' fG. aO. Ii<‘sorv(‘ .starch grains frotii various plant.s. 

A, potato; simplo and half-conipouiui grains. H, colornho .'^taiah. C, arrowroot. 
/>, l)oa. A’, rnaizo; intact and i)artially digested grains. F, rye. O', niai/e. //, Hiiphorhid 
I, bean. J, rice. K, wheat. {Aficr Tschirch.) 

As a result of his (classic researches Nageli (1858) tidvanced the theory 
that the starch grain is made up of ultramicroscopic crystalline partich's 
which he called “niicelhe.” these being surrounded by water films of 
varying thickness. It was similarly held liy A. Meyer (1883, 1895) 
that the grain is com]K)S(*d of radially ari’anged iK'edhvshaped crystals 
known as “trichites;” these are composed of a- and /3-amylose which 
turn blue with iodiin*. In some starch amylodextrin and dextrin are 
also present, such grains turning red witli iodine. Both Nageli and Meyer 
held the stratification of the grain to be due to the varying numbers of 
the crystalline units in th(* successive layers, and Meyer showed that in 
(•ertain cases it is correlated with the alternation of day and night, and 
therefore with a periodic activity on the part of the plastid. This con- 
clusion was confirmed by Sal tor (1898). 

The statement made by Schimper (1880) and Meyer (1883, 1895) that 
starch is always formed by plastids still holds good in its essential feature: 
so far as is certainly known no primary product of photosynthesis is 
formed in the cytoplasm apart from plastids, although in some cases, 
such as the young cells of H ydrodictyoriy according to Harper, it is very 
difficult or even impossible to distinguish the limits of these organs. The 
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j!;nu)ul(vs of paraiiiylimi in Kuijlcna and (hose of ‘M<dori(l(*an slaicli” in 
the red algip first ap[K'ar in the cytof)lasni; alt}iouj»:}i th(‘y are tlie 
first substances whicli are visible, it is highly probalde that they arise 
through the transformation of a non-visible product (sugar?) of the 
photosynthctic activity of the plastids, and are not immediately built 
up from water and carbon dioxide. A similar interpretation may b(' 
placed upon corresponding appearances reported in the case of higher 
|)lants. Owing to the great difficulty of determining the tru(' cell struc- 
ture of the Cyanophyceie (see p. 202) it is possibh' to speak of plastid 
activity in such forms only with great reserve*. If, as Olive (1904) and 
Oardner (1906) hold, these cells are without plastids, the product of 
photosynthetic activity, commonly glycogen, must hv. elaborated in the 
cytoplasm without tlu'ir aid. If, on the other hand, the peripheral 
portion of the protoplast re|)resents a large (‘hromatophore (Fische*]’ 1898), 
or cytoplasm containing a large number of minute chromatophoje's 
(Hegler 1901, Kolil 1903, Wager 1903), the* photosynthetic process, 
although it may result in the production ejf a diffejx'iit substance*, is 
dependent upon the powers of definite pre)toplasinic organs much the 
same as in higher plants. Among bacteria anel other low forms in which 
it seems more e*ertain that plastids and the* ordinary pigments are absent, 
widely elifferent types e^f metabedism are met with. For further discus- 
sion of this subject, which lies outside the scope e)f the* j)resent be)ok, 
me)rc special physiologie*al works shoulel be consulted. 

The Pyrenoid. — The term pyrenoid was appli(*d by Schmitz (1882) 
to the refractive kernel-like l>odies irnbeeldeel in the chiomatophores of the 
alga*. Pyrenoids are characteristic of the (4dorophyc(*ie especially, 
being present almost universally in the members of this group. Th(*y 
are known in a few representatives of the Idiodophycete {Nemalion 
and the Bangiacea^), but apparently do not occur in the cells of tin* 
('yanophyceac, Phaeophyceic, and Characea^. Very rai’ely they are 
present in forms above the algic: a conspicuous example is the liverwort 
Anthoceros. The chromatophore may contain but one pyrenoid, as in 
Zygjierna, or a larger number, as in Spiroyyra, Draparnaldia, and many 
other forms (Fig. 37). 

As held by de Bary (1858), Schmitz (1884), and Schimper (1885), 
the pyrenoid appe^ars to be composed of a protein sul)stance with a thick 
gelatinous consistency. When a single pyrenoid is present in the chroma- 
tophore it may multiply by fission along with the latter when the cell 
divides, while in those forms possessing several pyrenoids this multiplica- 
tion may be much more extensive. Also, as pointed out by Schmitz 
and Schimper, and more recently by Smith (1914), the pyrenoid may 
disappear and ari.se de novo from the cytoplasm or from the plastid 
protoplasm . 

With regard to its function, the early workers referred to above ob- 
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served Unit uiichir (•('itaiii (conditions 1li(‘ pyiuMioid is edosedy surrounded 
by a mass of starch gi ains, and concludod that it is an oi*^>:an, or port ion of 
an orj^an (chromatophore), intimabdy conceriu'd in the process of starch 
formation, its action being somewhat similar to that of the amyloplast. 
The pyrenoid, in fact, has often been likened to a leucoplast imbedded in 
the chromatophore; Wiesner, for instance, believed the pynmoid to 
contain several leucoplast bodices, (‘ach of which gav(' rise to a starch 
grain. In general, more recent r(‘searches have emphasized tlu' close 
association of the pyrenoid with th(‘ starch forming process, although 
the precise nature of this pro(‘(‘ss n'mains very much in doubt. Accord- 
ing to Timborlake (1901) the pyrenoid in //^drod/c/yyca is differentiated 
from the cytoplasm and is very activi' in starch production, segments 
s|)litting off from its periphery and forming starch within them. In 
this way the (mtire pyrenoid may become a mass of “[yynmoid starch/’ 
as distinguished from ordinary, or “stroma starch.” McAllister (1913) 
describes a similar splitting up of the pyrenoid to form S('veral starch 
grains in Tetraspora. Yamanouchi (1913), howc^ver, in his description 
of a new species of flydrodidpon, states that some of the*, chloroplasts 
give rise to starch while others give rise to pyrenoids, and that the 
latter have nothing to do with staich formation. 

A similar div(‘rsity of opinion ('xists with r(‘spect to th(‘ rcMe of the 
[)\Ten(jid in Zygnctna. Chmi('lewskij (1896), who lo(jked upon the 
pyrenoid as a permanent c(‘ll organ multiplying only })y division, held 
that starch grains arise wholly from the substance of the pyrenoid, 
plate-like extemsions of the latter being present b(dwe(m and in intimate 
contact with the d(‘,velo|)ing grains. More n^cently Miss llourcpiin 
(1917) asserts that (he pyrenoid has nothing to do with the app(airance 
of starch, th(‘ body of th(‘ chromatophore alone being concerned. She 
observes th(^ starch grains appearing first near the periphery of the 
chromatophore entirely ai)art from the pyrenoid, the later formed grains 
differentiating in positions progressively nearer the pyrenoid (Fig. 38, H). 

The pyrenoid of AnlhoceroH (Fig. 37, C) as described by McAllister 
(1914) is in reality a group of about 25-300 small ‘‘pyrenoid bodies” 
which are probably composed of a protein substance. The outermost 
bodies b(^comc starch, new ones api)arently being formed by the fission 
of those lying on the interior of th(‘ group. McAllister states that no 
pyrenoid is visible in the young sporogenous tissue, starch being formed 
witliout its aid. Somewhat later several small bodies appejir and 
aggregate to form the pyrenoid. 

Cleland (1919) recently reports a close association of the pyrenoid 
of Nemalion with the formation of Floridean starch. 

Elaioplasts and Oil Bodies. — In 1888 Wakker discovered in the cells 
of Vanilla planifolia and V. aromatica certain plastid-like bodies to 
which he gave the name elaioplasts, since they seemed to be concerned in 
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tlie elaboration of oil (l^'ig. 40, A). They were soon observed in a number 
of monocotyledons by Zimmermann (1893), Raciborski (1803), and Kiis- 
ter (1894); and some time later in the llowei* parts of a dicotyledon, 
(kiillardia, by Beer (1909). Politis (1914) has found them in monocoty- 
ledonous plants belonging to 19 different genera, and in five genera of 
dicotyledons (Malvacjeae) . 

There is a considerable lack of agreement in the opinions expressed 
on the subject of the origin and significance of elaioplasts. Wakker 
thought it probable that they represent meta- 
morphosed chloroplasts, which they often closely 
resemble in struct ure (Kiistor), whereas Raciborski 
asserted that they arise as small refractive gran- 
ules in the cytoplasm and multiply by budding. 
In the zygospores of Sporodinia grandis and 
Phycotnyces nilens Miss Keene (1914, 1919) reports 
the presence of a number of globular structures 
with which oil is associated from their earliest 
stages. These unite to form one or two large 
reticulate bodies which Miss Keene believes arc 
related to the claioidasts of hightu’ plants. All of 
these investigators, with Politis, agree that elaio- 
plasts are normal c(41 organs with a special func- 
tion, namely, the formation of oily substances 
having a role in nutrition. Beer, on the contrary, 
states that in (kiillardia they are formed secon- 
darily by the aggregation of many small degen- 
erating })lastids and their products at one or 
more points in the cell, all stages of the process 
being obscu'ved. Although the bodies so formed 
may, if green, produce starch, or, if colorless, an 
oily yellow pigment. Beer thinks it probable that 
they have no important special function in the life 
of the plant. 

Closely associated with investigations on elaioplasts have been those 
concerned with the oil bodies found in the cells of many liverworts (Fig. 
40, B). These bodies, discovered by Cottsche in 1843, were first carefully 
described by Pfeffer (1874). Pfeffer stated that they arise by the fusion 
of many minute droplets of fatty oil appearing in the cytoplasm of very 
young cells, and later come to li(^ in the cell sap; he further believed them 
to possess a special membrane. Wakker (1888) held them to be analo- 
gous to leucoplasts and chloroplasts, multiplying by fission at each 
cell-division, and pointed out that they lie in the cytoplasm rather than in 
the cell sap. He was inclined to view them as products of elaioplasts, 
which Kuster (1894) supposed them to resemble in having a spongy 
stroma containing oil in the form of minute droplets. 



Fig. 40, 

• .4, elaioplast foniiiiig 
oil droplets in epidornml 
roll of perianth of Poli- 
anthes lufx'rosa; nuolou.s 
with Hmall plastids at 
right. ( After P o i i t i s , 
1914.) B, oil bodio.s in 
various stages of develop- 
ment in a cell of Calj/- 
pogeia. ( A jter (Jargenn ne, 
190:i.) 
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Quite different werci the views of Gargeanne (1903). According to 
him they arise from vacuoles, their limiting membranes thus being the 
original tonoplasts. While in the juvenile vacuole stage they may multi- 
ply hy division, but when onc(‘ fully formed they remain unchanged and 
divide no further. Gargeanru' obs(*rved small oil droplets moving about 
freely within the oil body, and lienee concluded that the latter has a 
fluid consistency rathei' than a spongy stroma as Kuster thought. 

The most notewoi'thy r(M*(*nt observations on oil bodies are those of 
Rivett (1918), who finds them to be very conspicuous in the cells of 
Alicularia scolans. Rivett holds that th(‘y are in reality only oil vacuoles 
— that they originate liy tlu‘ coales(;ence of numerous minute oil droplets 
secreted by th(^ protoplasm in a maniKu* entirely similar to that in which 
the ordinary sap vacuole arises {cf. Pfefler). Although they become very 
large and proje(;t well into the saf) vacuole, they continue to be surrounded 
by a thin film of (cytoplasm. The oil body, in the opinion of Rivett, is 
therefore in no sens(' a [ilastid, nor is it formed by any special elaioplast: 
it is simply an accumulation of ethereal and fatty oils together with some 
protein substance. Thc‘ ‘^mennbrane” observed by Pfeffer is the limiting 
layer of the surrounding c*ytoplasm, which may be slightly changed by 
contact with the oil. 

Accumulations of oil apparently quite similar to those in liverwort 
cells have been described in the cc‘lls of vai ious angiosperms by a niimbei* 
of writers. To these the term elaiospheres was applied by Lidforss (1893). 

The published figures of (‘laioplasts and oil bodic‘s in many ciasc\s 
bear striking resemblance to those' of fat- and oil-secrc'ting chondrio- 
somes (see below), and it is not improbable that the [)rc)blem of thc'ir 
origin and significance will be brought nearer solution l)y further studies 
of the latter class of bodies. 

The Eyespot.- The so-called eyespot present in the flagellate cell and 
in the zoospores and gametes of many algae has cei tain characteristics 
in common with plastids, and may therefore receive consideration here'. 
This body, which nearly all workers agree is a light-sensitive organ, is an 
elongated or circular and flattened structure lying in the anterior region 
of the cell (flagellates) or near its lateral margin, usually in close associa- 
tion with the chroniatophorc^ and the plasma membrane. (Overton 
1889; Klebs 1883, 1892; Johnson 1893; Strasburger 1900; Wollenweber 
1907, 1908). With respect to its mode of origin, it has been variously 
reported to arise de novo in each newly formed zoospore in several green 
algte (Overton); to dt'velop from a colorless plastid in the young 
antheridial cell in the case of the spermatozoid of Fucus (Guignard 1889) ; 
to arise as a differentiated portion of the plastid in the zoospores and 
gametes of Zanardinia (Yamanoiichi); and finally to multiply by fission 
aUhe time of cell-division in flagellates (Klebs 1892). 

" It is generally agreed that the eyespot in many instances consists of 
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a finely reticulate stroma in which an oily red pigment with many of th(i 
characteristics of hicmatochrom is held in the form of minute droplets or 
granules (Schilling 1891; Klebs 1883; Franz6 1893; Wager 1900; Wollen- 
weber 1907, 1908) (Fig. 41, D). As shown by the careful researches of 
Franze, the stroma may also bear one or more refractive inclusions, 
which in the Chlamydomonadaceie and Volvocacese consist of starch, and 

in the Euglenoideae of paramylum (Fig. 41, 
E). These inclusions were thought by 
Franze to increase the sensitivity of the eye- 
spot by concentrating the light at certain 
points. 

The eyespot of tlu^ zoospore of Cladophorn 
(Strasl)urger 1900) appears to arise as a 
swelling of the plasma membrane, and consist s 
of an external pigmented layer beneath which 
is a lens-shaped mass of hyaline sul)stancc 
(Fig. 41, B). InGonium and Eudorina (Mast 
1910) the lens-shaped portion lies outside with 
the cup-shaped opaque [)ortion beneath it 
(Fig. 41, A), an arrangement strongly sug- 
gesting the primitive eyes of certain higher 
organisms. In mather portion could any finer 
structure be detected. Mast has shown that 
the orientation of the colony is brought about 
through changes in the intensity of the light 
falling upon the light-sensitive substance'. As 
the unoriented swimming colony rotates on 
its axis, those zooids turning away from the 





Fig. 


41. — F^yospot.s of various 
typos. 

.1, zof)id of Eudorina; e, eyo- 
spot. {From Maat, AfUrGratc.) 
B, zoospore of Cladophorn, 
(After Strashurper, 1000.) C, 
anterior end of Eiiplena viridis, 
showing eyespot at surfa<‘e of 


(esophagus, and in front of it a have the hyaliiic peu'tion of their eye- 

swcllinK on one root of the i i i i i i • i i 

flagellum: face view of oye.spot spots shaded by the opaque cup; this sudden 

at right, showing pignient gran- nxluction ill the amount of light energy 

ule.s. (After Warjer, lt)()0.) D, • i i • . . 

(eyespot of Euglena velaia. received brings about an increase in the 

(After Franze E, eye- activity of tlic HagelltE of tliose zooids, with 

spot of Trachelornonn.s volvo- '' 

cirui, with pigment granules th(' result that the coloiiy as a whole turns 
and crystalloid body. (After jjjqjy' (liretdly toward thc source of light. 

In Euglena viridis the morphological con- 
nection betwt^en the eyespot and thc motor apparatus is particularly 
close. Here Wager (1900) has shown that the eyespot, which is a 
discoid protoplasmic body containing a layer of large pigment droplets, 
is situated at the surface bounding the oesophagus in close contact with a 
swelling on one of thc basal branches of the flagellum (Fig. 41, C). 

In general it may be concluded that the eyespot in some cas(\s bears in 
its structure, and to a certain extent in its evident function, such a close 
resemblance to th(', ordinary plastid that a relationship of some sort 
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botw('on the two scmmiis hifi;h]y probable; wherea.s in other cases {Gonium^ 
Cladophoni) it app(‘ars to reprevsent a diffen'iitiation of the ectoplast. 

It is more than lik(dy that lij^ht-sensitive ()rjz;ans Inive arisen more than 
once in the evolution of the lower orf»:anisins, and that they cannot all 
be placed in the same catejrory. 

The Individuality of the Plastid. — It was believed by the early 
observers, notaldy Schiniper (188:i) and Meyer (1SS3), that plastids 
never orij»;inate de novo but always arise from preexistinjj; plastids 
l)y division. Fully dilfenmtiated plastids, such as chloroplasts, can 
readily be seem multiplying in this manner in p:rowinp: tissues with a 
frequency sufficient to account for the larp;e numbei* of plastids present 
in mature plant ])arts. Since it is known, however, that chloroplasts 
and other differentiated chromo[)lasts may arise from leucoplasts through 
the development of pigments and otlaw characters in tlie latter, and also 
that the individual plant aris(‘s from sex cells or a spore in which the 
plastids arc usually in a colorless and ndativedy undifferent iated state, the 
problem of tin* individuality of the plastid is mainly one of tleterminin^ 
whether these undifferentiated plastids, leuco})lasts, or ‘‘plastid priinor- 
dia’^ later developing into (*hloroplasts and other types are continuous 
through the critical stages of the lite cycle, multiplying only by division, 
or arise de novo as lanv diffiu'entiations of the cytoplasm. At this point 
w(; may rewiew certain cases in which the plastid has been followed 
through gaiiK'togeiK'sis and fertilization. 

In Zygnema (Kurssanow 1911) each veg(dative c(dl contains one 
nucleus and two plastids, all of which divide at ('ach vi^getative cell- 
division. In sexual reproduction the entire protojilast, with its nucleus 
and two plastids, passes through the conjugating tube as a “male” 
gainete and unites with a similar complete protoplast (“female” gamete) 
of another filamcmf . The two nuclei fuse, giving the primary nucleus of 
the new individual (zygos|)or(5 nucleus), while the two plastids contrib- 
uted by the “male” gamete degenerate, leaving the two furnished by 
the “female” gamete as the plastids of the new individual. 

In Coleochade (Allen 1905) ea(;h vegetative cell and gamete has one 
nucleus and one plastid: after the sexual union of the gamete nuclei the 
fertilized egg therefore contains one nucleus and two plastids. These two 
plastids divide at the first division of the fertilized egg but not at the 
second, the four resulting cells consequently having one plastid each. 
In the third cell-division the plastids also divide, so that each cell of 
the several-celled structure developing from the fertilized egg has its 
single plastid. Fach of the several cells eventually becomes a zoospore 
which germinates to produce a new Coleochwte body with a single plastid 
in each cell, the plastid dividing with the nucleus at each cell-division. 

A somewhat similar regularity in the behavior of the plastid is shown 
in Anthoccros (Davis 1899; Scherrer 1914). Each gametophytic cell 


s 
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contains a single plastic! which divides with the nucleus at each cell- 
division. The egg likewise contains a plastid, but the sperrnatozoid has 
none: the fertilized egg and sporophyte cells which it later forms are 
therefore characterized, like the cells of the gainetophyte, by the presence 
of one plastid. Although it is difficult to demonstrate the plastid in the 
young sporogenous cells, every sporocyte shows one very clearly. As 
shown by Davis (Fig. 42), the sporocyte plastid divides twice during the 
prophases of the first (heterotypic) division of the sporocyte nucleus, so 
that each spore of the resulting tetrad receives one. Upon germination 
the spore produces a gametophyte with one plastid in each cell, and tlu^ 
cycle is complete. 



A, sporocyte with siiifflo mi(‘leus and plastid. B, jdastid divided; inicltMis in prophase 
of mitosis. C, ])lastid.s divided to four; two nuclei present. D, three of the four spore 
cells, each of which has a single nucleus and plastid. (.1//cr Davis, 1899.) 


In all of the foregoing examples it is evident that the plastids, as 
stated by Sclu'rnu' for Anthoceros, remain as morphological individuals 
throughout the whole life c\a4e, multiplying exclusively by division. A 
similar claim is made for the plastids of mosses by Sapehiii (1915), who 
has also studied the behavior of the plastids in Selaginella and /.soc/c.s 
(1911, 1913). In such cases the plastidseach possess an individuality (*om- 
parable to that of nuclei, from which they differ conspicuously, however, 
in undergoing no fusion at the time of fertilization. The constancy in 
number is nevertheless maintained: by the degeneration of the plastids of 
one gamete in Zygnema; by their failure to divide at one cell-division in 
Coleochcete; and because of the fact that the male gamete carries no 
plastid in Anthoceros. It appears to be generally true that while the eggs 
in all plant groups contain plastids (usually leucoplasts), the latter are 
present in male gametes in the alga3 only. Sapehin (1913), however, 
believes that the blepharoplasts of the higher groups represent plastids. 

It should be said that only in a comparatively few forms has such a 
regularity in the behavior of the plastid as that outlined above been 
demonstrated. A number of investigators, working on a great variety of 
cells, have been forced to conclude that plastids are either formed de novo 
as well as by division, or are carried through certain stages of the life 
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cycle in some less conspicuous form. If they represent regional trans- 
formations of the cytoplasm resulting from the localization of certain 
processes, they might well be expected to differentiate anew as these 
processes begin in the life of the cell, and to preserve varying degrees 
of permanence depending upon the processes carried on (Harper). 
Their individual continuity through certain life cycles would accordingly 
be interpreted to mean that in such forms there is a persistence of certain 
types of physiological activity through all stages. 

In recent years a number of cytologists have described the d(^velop- 
ment of plastids from minute granular primordia in the cytoplasm, and 
have attempted to show that these primordia are members of the class of 
cell inclusions known as chondriosomes. A general theory of the indi- 
viduality of the plastid must therefore involve the (question of the relation 
of plastids to chondriosomes, and the further question of the origin of the 
chondriosomes themselv(‘s. Tln^se matters will be taken up in the fol- 
lowing pages. 

CHONDRIOSOMES 

Notwithstanding the large amount of work which has been done upon 
chondriosomes during rec(‘nt yc^ars, the condition of opinion as to their 
origin, behavior, and significance is still so unsettled that little more than 
a review and partial classification of the more prominent views will 
h('re be attempted. 

Chondriosomes were probably first observed many years ago by 
Flemming and Altman in the course of their studies on protoplasm. 
They were first clearly described by La Vallette St. George (1886), who 
observed them in the male cells of animals and called them ^^cytomicro- 
somes.” In plants they were first described by Meves (1904) in the 
tapetal cells of the anthers of Nympha’a (Fig. 43, B). Benda in 1897 
and the following years discovered them in cells of many types, notably 
in the spermatogenous cells of animals, and applied to them the term 
“mitochondria.” It was not until a decade later, through the researches 
of Meves, Regaud, Faure-Fremiet, Lewitski, Guilliermond, and others 
that they came into prominence. Since that time they have been very 
intensively studied by both zoologists and botanists, and a special 
literature of considerable bulk has developed. ^ It now seems evident 
that the filaments (“fila”) of Flemming, the “bioplasts” of Altman, the 
“plastidules” of Maggi, the “archoplasmic granules” of Boveri, and the 
“mitochondria” of Benda are all one and the same thing— chondriosomes 

(Duesberg 1919). , 

General Nature and Occurrence. A hondnosomes occur in the (cyto- 
plasm of the c('ll, commonly in the form of minute granules, rods, and 

1 Reviews of the sul)j(cct are given by Duesberg (1911, 1919), Schmidt (1912), 
Cavers (1914). and Guilliermond (1919). See also Meves (1918). 
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threads, but also in a great variety of irregular shapes (Fig. 43). At 
present it is customary with the majority of workers to refer to all tyix-s 
as chondriosomen or miiochondria. Foi- tho.se which are definitely rod- 
and thread-shaped the terms chondriokonls and chondriomiles are also 
u.sed. It is not to be thought that the various forms constitute distinct 
cla.sses, for .several investigators (N. H. f’owdry; M. and W. Lewis Ifil.'')) 
have observed the chondriosomes undergoing marked changers in shape; 
in living cells, granular ones beexmiing rod-shaped and filamentous, and 
vice versa. Schaxel (1911) and Kingery (1917) state, morooven-, that in 
fixed matei ial the shape of the chondriosomes is to a certain extemt 
dependent upon the cliaraeter of the mieroteehnieal methods employed. 



( 'homlrio.soniOH in plant and animal coll.s. 

A. nerve cell from Ruinca piR. X 480. (A/ter K. V. Cowdry, 1014.) It. tai.ctal cell 
of Nymvhwx alba. (After M eves \^i.) C. livioR cpi.iermal cell of tulip petal. /;, ascus 
oi PuHtularia vemculosa. h, hypha of Rhizopus niuricariH. F, portion of embryo stic of 
LiYrnm- chondnosomes clustered about nucleus. G, coll of root tip of Allium—iG-F 
After OuiUtermond, 1918.) ^ 


Although when first discovered chondriosomes were believed to be 
rather limited in distribution, they have now been reported in the cells of 
plants and animals belonging to nearly all of the larger natural groutts 
It is asserted by N. H. Cowdry (1917) that “in all forms of animals, 
from amoeba to man, which have been investigated with adequate 
methods of technique, they occur without exception. “ yhey are present, 
furthermore, in the cells of all tissues. In plants it is probable that they 
arc no less universally present, although it has not yet been possible to 
demonstrate them with certainty in bacteria, Cyanophycea;, and certain 
Chlorophycea;, such as the Conjugatie and Confervalcs (Guilliermond 
1916). They are abundant in myxomycetes (N. II. Cowdry 1918), 
Charales (Mirande 1919), brown and red alga;, fungi, and all the higher 
groups. 

A critical comparison of the chondriosomes of plants with those of 
animals has been made by N. H. Cowdry (1917), who concludes, contrary 
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to the opinion of Ponsa (1914), that there is every reason to n'feard them 
as homologous in the two kingdoms. He finds plant and animal chon- 
driosornes to be practically identical in morphology, reaction to fixatives 
and dyes, and distribution in resting and dividing cells; any conspicuous 
differences in arrangenamt sc'cm to be due to the more pronounced 
polarity of tla* animal cell. In both cases they arc most abundant in 
the active stage's in the life of the cell. As the cell ages and becoiiK's 
fully diff(‘rontiat(‘d, i.c., as cytomorphosis proceeds, they diminish in 
number and may completely disappear. 

Physico-chemical Nature. -With reganl to the chemical and physical 
nature of chondriosomes, Ib'gaud (1908), Paure-Fremiet (1910), and 
Ldwschin (1913), working resp(‘ct ively on mammals, protozoa, and plants, 
agr(‘e that they ar(' chemically a combination of phospholipin and albu- 
min. They closely resemble phosphatids, which are combinations of 
phosphoric and fatty acids, glycerol, and nitrogen bases, liccithin is 
su(*h a compound. 8inc(‘ chondriosomes are soluble in a lcohol , ether, ^ 
chloroform, and dilute acidic acid, many of th(' fixing reagents commonly | 
employed in microtechniipie destroy them: this accounts in part for the 
fact that they wen* not observial in many familiar tissues until a compara- 
tively rec(‘nt date. They arc well fixed by neutral formalin, potassium 
bichromate, osmium tetroxid, and chromium ti ioxid (chromic acid) ; and 
tlu'se, thcridore, are the principal ingredients of th(^ fixing reagents (mi- 
ployi'd in researches upon chondriosomes. Examples of siK^h fluids are 
those of Altman, Hmida, Bensley, Ilelley, Kopsch, Begaud, and Zenker.^ 
Besides staining with ha'matoxylin and several other dyes commonly 
employed with fixed material, the chondiiosomes show a characteristic 
affinity for certain intra-vitam stains, such as Janus green B, Janus blue, 
Janus black I, and diethylsafraniri, the reaction with the first of these 
being especially strong. After certa in treatments the chondriosomes may 
closely resemble the ‘'chromidial substance,” or granules of nucleo- 
protein distributed throughout the cytoplasm in some cells. That the 
two are not to be confused has been emphasized by Duesberg and by 
E. V. Cowdry. According to the latt(*r author (191(3) chondriosomes are 
‘^a concietc class of cell granulations,” and may be provisionally defined 
as “substances which occur in the form of granules, rods and filaments in 
almost all living cells, which react positively to Janus green and which, 
by their solubilities and staining reactions, resemble phospholipins and 
to a less('r extent, albumins.” 

Origin and Multiplication.— The questions of the origin and multipli- 
cation of chondriosomes an^ much debated ones. Certain cytologists 

* For eoiivenicnt suniiiiaricH of the effects of various reagents upcni chondrio.somes 
the student may refer to Kingsbury’s (1912) paper on cytoplasmic fixation, E. V. 
Cowdry’s (1914) on vital staining, and N. H. Cowdry’s (1917) on plant and animal 
chondriosomes. 
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believe that they have found good evidence for the view that chondrio- 
somes may multiply by division, and some (Guilliermond; Moreau 1914; 
Terni 1914) have held this to be their sole mode of origin — that they arise 
only from preexisting chondriosomes and are therefore permanent cell 
organs. Others are convinced that they may arise de novo in the cyto- 
plasm, and that the evidence for their division is unsatisfactory (Orman 
1913; Lbwschin 1913; Scherrer 1914; Miss Beckwith 1914; Chambers 
1915; M. and W. Lewis 1915; Twiss 1919; and others). The investiga- 
tors of the foregoing group, together with Meves (1900), Lewitski (1910), 
and Forenbacher (1911), hold that the chondriosomes arise from the cyto- 
plasm, but certain others believe they take their origin from the nucleus. 
Tischler (1906) and Wassilief (1907), for example, state that they arise 
from surplus chromatin. Alexieff (1917) thinks that although cyto- 



Fig. 44.— Examples of regular behavior of chondriosomes in cell-division. 

A-C, spermatocyte of Gryllotalpa vulgaris, {.After Voinov, 1910): A, chondriosomal 
material in cytoplasm about nucleii.s; B, heterotypic mitosis, showing chondriosomes (at 
sides) occupying the spindle with the chromosomes (at center) ; C, stages in the division 
of a choridriosome. D, Dividing cell of Geotriton fusens, showing division of individual 
chondrio-somes as cell constricts at equator. (^4//cr Terni, 1914.) 


iplasmic dfferentiation is due to them, they are at least in some cases 
of nuclear origin; and further that they are not fundamentally different 
from chromosomes and chromidia, a conclusion contradictory to that of 
Duesberg and E. V. Cowdry, cited above. Shaffer (1920) believes them 
to arise as the result of a chemical action of the nucleus upon products of 
assimilation in the adjacent cytoplasm. Wildman (1913) classifies the 
cytoplasmic inclusions present throughout spermatogenesis in Ascaris 
into two main types, both of nuclear origin: “karyochondria,” equiva- 
lent to the mitochondria of other writers, and '^plastochondria,^’ which 
pass into the cytoplasm, form yolk within them, and fuse to form the 
food supply (^^ refractive body^O fbe spermatozoon. 

That the behavior of the chondriosomes at the time of cell-division 
is a matter of considerable importance has been generally recognized. In 
many cases their distribution to the two daughter cells seems to be quite 
fortuitous, whereas in some tissues more or less definite modes of distribu- 
tion have been described. According to Faure-Fremict (1910), Terni 
(1914), Korotneff (1909), and others, the individual chondriosomes divide 
at the time of mitosis (Fig. 44, Z>), a conclusion with which many others 
fail to agree (Orman 1913; Miss Beckwith 1914; etc.). In the cells of 
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( li(‘ grasshopper, Dissosteira Carolina, Chambers (1915) (iiids that the 
ehondriosomal material forms a granular network surrounding the nucleus 
during tlie nesting stage's and the mitotic figuj-e during division. During 
the later phases of mitosis the strands and granules of this network 
lengthen into delicate filaments between the two daughter chromosome 
groups, and finally separate into two granular masses which gradually 
invest the daughter nuclei. 

In the mole cricket, Gryllotalpa borealis, the distribution of the chon- 
driosomes to the daughter cells is accomplished with even greater defin- 
iteness. According to Payne (1916) they become thread-like and break 
near the middle, the halves passing to the daughter cells. Voinov (1916) 
states that the ^^mitochondria” in the spermatocyte of G. vulgaris fuse to 
form a thread which then segments into a number (70 or more) “chondrio- 
somes.” These are arranged on the spindle along with the chromo- 
somes, which they may (closely resemble, and divide to form daughttu’ 
bodies at both maturation divisions, so that they are equally distributed 
to the four resulting spermatozoa (Fig. 44, A~C). 

In certain S(;orpions also the ehondriosomal material is distributed 
with surprising precision. In a species from Arizona (Wilson 1916) this 
material in the spermatocyte takes the form of a single ring-shaped body. 
This ring divides accurately, much like a chromosome, at both maturation 
divisions, each of the four spermatids, and hence each spermatozoon of 
the tetrad, receives a quarter of its substance. In a California species 
(Wilson) there is no ring formed, but instead about 24 hollow spherical 
bodies. At the two maturation divisions these show no evidence of 
division, but arc passively separated into four approximately equal groups, 
each spermatid receiving six (occasionally five or seven). A European 
species described by Sokolow (1913) agrees essentially with this. 

Function. — Our knowledge of chondriosorncs is yet too incomplete to 
warrant any categorical statements regarding their functions, but a 
number of opinions have been expressed, some of them based upon ob- 
servational evidence and others upon conjecture. Certain of the more 
prominent opinions may here be reviewed. 

It was in 1897 that Benda suggested that chondriosornes might be 
distinct cell organs with a special function. In a series of papers which 
began to appear ten years later Moves (1907 etc.) put forth and empha- 
sized the theory that they play an important role in heredity — that they 
carry the hereditary characters of the cytoplasm. Evidence supporting 
this view was seen by Moves and Benda in certain experiments of God- 
Icwski which seemed to show that the appearance of certain hereditary 
characters is dependent upon something present in the cytoplasm rather 
than in the nucleus. (See Chapter XIV.) This theory has had the 
support of a number of investigators, among whom are the botanists 
Cavers (1914) and Mottier (1916). Voinov (1916) also believes that the 
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regular distribution of th(‘ eliondriosouial substance in Gryllolalpa 
strongly favors the view that this substance is of some significance in 
heredity. It is probable, however, that t he majoi ity of cytologists regard 
the evidence brought forward in support of the view as very inadequate. 
Wildman (1913) points out that the chondriosonies may be largely lost 
during spermatogenesis, and others hav(‘ recalled cases in whicdi the 
nucleus is th(‘ only portion of the male gamete which can be seen to enter 
the egg at fertilization. Meves (1911, 1915) and Benda, on the other 
hand, show that chondriosona^s also ent(U’, at least in the forms studied 
by them (Fig. 45). In the animal spermatid the chondriosonies appear 
most commonly to conti-ibute to the formation of the Ncbenkern of the 
spermatozoon (La Valletti' 8t. George 1886; 
Popoff 1907; (diamliers 1915; Shaffer 1920; and 
others), in som(‘ cases later elongating into a 
sheath around the axial filament of the tail 
(Shaffiu* on Cicada). Duesberg (1919) state's 
that although the^ fate of the chondriosoines of 
the spermatid varies in different animals, they 
aiT* nev(‘rtheless always present in the sperma- 
tozoon, and that it lias not been clearly shown 
in any case that they do not ('liter the egg at 
fertilization. In many eggs which they do enter, 
however, they beliave with great irregularity 
during the subsequent cleavage stages (Van dcr 
Stricht, etc.), it is not at all improbable that 
tli(iyarein some way concerned in the reactions 
through which hereditary characters are de- 
veloped in the individual, but the general 
opinion is that their apparent variability and 
indefiniteness in behavior in so many (;ases are 
against the view that they take any part in the transmission of factors 
upon whose presence the devedopment of the characters depends 
(Gatenby 1918, 1919). The equal distribution of chondriosonies at 
the time of cell-division is thought to be without any significance in 
this connection by Harper (1919). 

It is obvious that much work remains to be done before the possible 
reflation of chondriosonies to heredity and development can be made 
(dear. For the present it is safest to assume, as will be emphasized in 
later chapters, that hereditary transmission is the function of the nucleus, 
chiefly if not entirely, since the chromosomes afford a mechanism of 
precisely the kind required to account for the observed distribution of 
hereditary characters. 

Meves (1907a5, 1909) and Duesberg (1909) have also called attention 
to the close relation of chondriosomes to mutjclc fibers in the developing 



Fig. 45.- Fertilizution in 
Filaria papillosa, showing 
chondriosomes of .sperrna- 
tozo<)ii (at top) distributing 
themselves in the cytoplasm 
of the egg. {After Mtreif, 
l‘H5.) 
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(•hick embryo. Tliey b(>lievo^j^ tlu; chondrio.some elongates and 
directly becom^^ young ii^fT^audissart (19i:i), on the contrary, 
show.s that theffiJ^doos not arise c.xclusively from the chondriosome, but 
that the primary basis is furnished by the plasmatic i^icuhim with 
winch th(i chondriosomes cooperate in building up the 4y^\^lthough 
the ch(mdriosome.s thus have a part in the genesis of the muHcle tibor, , 
the latter is not a “modified filamentous chondriosome,” as Duesberg 
believed. 

Hoven (litlDa) and M(>vcs have similarly attempted to show that 
ehondrio.soDH's are concerned in tin- differentiation of neurofibrils and the 
collagm.ous fibers of cartilage. Regaud (1911), Guilliermond (1914), 
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.f.’ of fat in cell of rabbit by granular and rod-shaped chondriosomes. {From 

' i f?irnation of needle-shaped crystals of carotin in 

chioriK pLisls deriv'od from chondriosome.s in epidermal cell of /n.v petal. {After GuilHer- 
mmui, 1 ns ) ( chondriosomes and chloroplasts in young cell of PinuE hankmana. X 7.50 

Zv'fn- ''!'' X Z of plastid prirnordia into leucoplasts in root 

( ell of / ifiion, some of the leucoplasts conttiin starcli. {After Mottier.) 


Hoven (1910h, 1911), and Lewitski (1914) have thought that the ehon- 
driosomes may in soim; ea.sc8 perform a s(!cretory function, and Dubreuil 
(1913) has associated them with the production of fat (Fig. 40, A). In 
the oocyte of Cicada Shaffer (1920) finds them transforming into yolk 
spherules, d'he activity of bodies called “plastochondria” by Wildman 
(1913) in the elaboration of the food supply in the spermatozoon of 
Ascaris has already been mentioned. 

Relation of Chondriosomes to Plastids.— One of the most conspicuous 
views regarding the significance of chondriosomes is that which holds 
some of them to be the prirnordia of plastids. After studying the cells of 
Pimm and Asparagus Lewitski (1910) concluded that the chondriosomes 
are essential constituents of the cytoplasm, and that they develop into 
chloroplasts and leucoplasts in the cells of the stem and root respectively. 
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Kvidoiice in suj)poi t of tin’s coucoplion was coniribiited by Foieiibacli('r 
(1911), PtMisa (1914), Cavers (19145,'^\{t‘othci‘s. Guilliennond (1911- 
1920) in particular was led by llio i-esiilts of his extensive ]*escar{4i(;s on 
the subject to .the view that the chondriosonies, arising only from preexist- 
ing ones by division, persist through the egg and embryonic cells 
and later become amyloplasts, chloroplasts, and chromoplasts. In 
this he saw strong evidence for the individuality of the plastid. In 
1915 he advanced the opinion that in fungi the chondriosonies function 
like the, amyloplasts of higher plants, forming reserve products as the 
latter foi'in starch. In this development of chondriosornes into plastids 
Guilliennond (1913-1915) and Moreau (1914) were able to show that the 
chondriosonies produce within them certain phenolic compounds which 
either appear at once as anthocyanin pigments, or as colorless prodinds 
which may acquire color later through chemical alteration (Fig. 46, B). 

Among the most r(‘cent researches in this fi(4d are those of Mottic'r 
(1916, 1918) on the cells of Zea^ Pisuni, Elodea, Pmiis, Adiantum, Antho- 
ceros, PaUavicinia, Marchantia, and several alga\ He finds that Icuco- 
plasts and chloroplasts arc derived from small rod-shaped primordia 
(Fig. 46, C, D) which he regards as jiermanent cell organs of the same 
rank as the nucleus. Both primordia and mature chloroplasts multiply 
by fission. In the cells of Marchantia^ AniJioceros, and the seed plants 
he finds also a second scries of bodies, which he calls chondriosonies: 
tlu sc like the plastid primordia, are permanent cell organs multiplying 
by division, but they do not become chloroplasts or leucoplasts. Further- 
more, both chondriosonies and primordia are thought by Mottier to 
be concerned in the transmission of certain hereditary characters. 

It is also reported by Ernbergcr (1920a6) that in the roots and spor- 
angia of ferns two kinds of granular elements may be recognized at all 
times, one of them representing the initial stage of plastid development. 
Contrary to Mottier’s opinion, however, he regards both kinds as true 
mitochondria. Guillicrmond (1920) likewise distinguishes two such 
types in Iris germanica. 

P. A. and P. Dangeard (1919, 1920), as a result of their researches 
on the cells of barley, Selaginella, Larix^ Taxus, and Ginkgo, distinguish 
three classes of cytoplasmic structures differing in reaction to reagents 
and in function. In their initial stages all have the granular form. The 
plastidomes first appear as minute ^'mitoplasts,’^ which gradually enlarge 
and develop into plastids. The spheronies are at first recognizable as 
“microsomes,” some of which may be seen to give rise to fat and oil 
glofcules while others appear to undergo no change. The vacuornes 
begin their history as ‘Tnetachromes;^’ these elongate and form a peculiar 
network which later develops into a system of vacuoles. Guilliermond 
(1920) denies the metachromatic nature of this third class of bodies, and 
holds them to be quite distinct from mitochondria. 
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The existence* of such a j»:eneti(^ relationship Ix'tweeni cliondriosonK's 
and' plastids as that de'seriheel above has Ix'en deni(Ml by many writers, 
among whom may be? nu'nlioned Lundegardh (1910), iMe'ye'r (1911), 
Rudolph (1912), Ldwschin (1913, 1914), Seherrer (1914), Miss Beckwith 
(1914), Derschau (1914), von Winiwarter (1914), Sapehin (1915), 
Chambers (1915), M. and W. Lewis (1915), and Harper (1919). Tlu'se 
workers for the most part hold that chondriosomes are not distinct cell 
organs at all, but regard them rather as more or less 1 ransient visible 
products of protoplasmic activity. Derschau asserts that they arise 
neither de novo nor by fission, but that they arc merely small masses 
of plastin and nuclein concerned in nutrition, arising from basichromatin 
at the surface of the nucleus. Miss Beckwith speaks of them as differ- 
entiation products of the cytoplasm. Lowschin, who made some ex- 
periments in the production of artificial chondriosomes, believers them 
to l)e due to the emulsified state of the protoplasm and in some instanci's 
to the action of fixing agents upon it. To (diambers tliey appear in 
living cells not as persistent structures but as temporary physical states 
of the colloidal substances composing protojdasm. M. and W. Lewis 
have studied them in tissue cultures and obscu’ve that they are continually 
being formed and used up, and that they show no sharply distinct types. 
FaurfvFremiet (1910a) distinguishes ‘‘ mitochondria, which have an 
individuality of their own and are permanent cell organs, from 'Mipo- 
somes,^’ which are temporary accumulations of reserve substance. 

The almost universal occurrence of chondriosouK^s in the cells of 
living organisms, and their frequent alterations in number and appear- 
ance, suggest a connection with some fundamental process going on 
almost constantly and common to all living matter. That this process 
may be oxidation, the chondriosomes being a “structural expression of 
the reducing substances concerned in cellular respiration” (Kingsbury), 
has been regarded as highly probable by Kingsbury (1912), Mayei’, 
Rathery, and Schaeffer (1914), N. H. Cowdry (1917, 1918), and others. 
Evidence favoring this interpretation is seen in the fact that the chondrio- 
somes occur so widely in the cytoplasm, which acts as a reducing sub- 
stance; and also in the close similarity between their chemical composition 
and that of phosphatids, which appear to be capable of auto-oxidation. 

Conclusion. — From the foregoing review it should be more than plain 
that the state of our knowledge of chondriosomes is such that almost no 
definite final statements can be made regarding their origin and function. 
The evidence at hand apparently indicates that the class of cell inclusions 
known as chondriosomes com[)rises a variety of bodies which play differ- 
ent roles in the life of the cell. It is scarcely open to doubt that some of 
them are temporary accumulations of substances involved in metabolism, 
appearing and disappearing in the cell in a mannel^ somewhat analogous 
to that of starch. The most plausible hypothesis concerning the specific 
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physiological role of such changeable types of (4ion(lriosonies is that they 
have to <lo with the process(‘s of oxidation and rediudion — with cellular 
respiration. It is also becoming increasingly apparent that other chon- 
driosomes represent (he juvenile stages in the development of plastids 
of various kinds, and that they are in some way concerned in the forma- 
tion of chlorophyll and other pigments. If this is true they ar(‘ clearly 
of tlie high('st importance. 

Whether or not any of th(^ chondrios<)mes are to be considered as 
f)ei-manent cell organs is a question to which, in view of the conflicting 
testimony of competent obs(‘rvers, no final answer can at pn^sent be 
given. To determine whether these minute botlii's arise de novo or 
always multiply by division is a matter of extreme practical difficulty. 
Ihitil this question is setth'd it is obviously impossibh' to conn^ to a deci- 
sion regarding the individuality of those plastids which appc'ar to take 
their origin from chondriosom(\s, or to know what may b(' the possible' 
relation of chondriosomes to inheritance. With respect to the latter 
point, th(‘ chondriosoiiK's, like all other structure's e*e)ncerne‘d in meta- 
bolism, may be indirectly assoe*iated with the eleve'loi)ment of hereditary 
e*haracters, but the' vie'w that they transmit or re'prese'nt differential 
factors for such characters is as yet unsupported by adequate evielence. 

From the fact that the che)nelrie)somes may not preserve' the'ir ineli- 
vielualifyat all times, however, it does ne>t follow that the'y must be denied 
the' rank of e*e'll e)rgans. Their great variability, indifferent behavioi’ at 
the time of ce'll-division in so many cases, and their unknown moele of 
origin are, as Kingsbury (1912) states, against the view tiiat the'y are cell 
organs; and it is doubtless true that many chonelriosomes should for sue*h 
reasons be denied sue-h rank. On the other hanel, those chonelriosomes 
which seem cle'arly lo perform important anel specific functions in the life 
e)f the e*e'll should, like centrosomes appearing de novo at each cell-elivision, 
be looked upe)n as cell organs, though not as ja'rmanent one's with an 
uninterrupteel continuity. 

In spite of the fact that the study of chonelriosomes has so far raiseel 
more pre)blems than it has solveel, it has alre^ady proved of much value, 
for it has turned to the cytoplasm some of the attention so long directed 
almost exclusively to the nucleus, and it appears that many problems of 
much importance to cytology pertain to the cytoplasm. It has also 
been of great service in bringing about a closer scrutiny of the effects 
of fixation and a renewed em[)hasis upon the importance of the study of 
living protoplasm. Much has already been learned as the result of this 
study, but the solution of the principal problems involving chondriosomes 
must await the results of further research. 
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CHAPTER VII 


METAPLASM ; POLARITY 

In the foregoing chapters we have described successively the various 
organs of the cell. Our account of the resting c('ll will now be coni- 
pleted by passing in brief revicnv some of its more conspicuous non- 
protoplasmic inclusions. We shall also call attention to another 
characteristic but imperfectly understood attribute of the protoplast, 
namely, its polarity. 

Metaplasm. — In addition to their definite cell organs — nucleus, 
cytoplasm, centrosomes, plastids, and possibly chondriosomes — cells 
whi(‘h have undergone any amount of differentiation usually contain a 
variety of other materials representing products of metabolism. Many 
of these siibstances an' held in solution in the cell sap, itself a differentia- 
tion f)roduct, while others are present in insoluble form in the cytoplasm, 
of fen in special vacuoles. All such non-protoplasmic im^lusions, i)artic- 
ularly those existing in some visible form, are n'ferred to as metapUmn, 
a term introduced by Ilanstein. Although it has been held by 'some 
(Kassowitz 1899) that metaplasm is always inactive and to be sharply 
set apart from active protoplasm, it is more probable, as Child (1915) 
contends, that no absolute distinction can be made between the two. 
Most of the products of differentiation, however, are clearly non-proto- 
[)lasmic and relatively inactive. 

In cells of many types, even in the comparatively undifferentia(('d 
cells of the root meristem, there often occur accumulations of chemically 
complex substances in the form of small globules or irregular masses in 
the cytoplasm. In many cases these more or less transient bodies, which 
often stain intensely with the nuclear dyes and are therefore referred to 
as ‘‘chromatic bodies,^’ show reactions indicating a composition closidy 
approaching that of the extra-nuclear granules of nucleo-protein (chi-o- 
midia) which R. I lertwig and Goldschmidt interpret as granules of escaped 
chromatin concerned in cell differentiation. Others resembh' the fatty 
chondriosomes in form and composition. It is therefore a matter of some 
difficulty to distinguish between these various substances, which, as a 
matter of fact, probably do not represent sharply distinct classes. 

The most conspicuous non-protoplasmic inclusions represent food 
materials in transitory form or in the storage condition; they are conse- 
quently abundant in cells carrying a supply of reserve foods, such as 
spores and eggs, and in storage organs, such as many roots and the endo- 
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sperm and cotyledons of seeds. In the animal the storage material 
commonly exists in the form of yolk globules/’ or ‘‘deutoplasm spheres,” 
which consist for the most part of relatively complex protein compounds. 
Fat or oil globules are usually present with them. In plants the most 
characteristic storage product is starch, the origin and characters of which 
were described in Chapter VI along with tlu' plastids by which they arc* 
formed. In some organisms, including the fungi, glycogen at){)ears to 
carry on the function performed by starch and sugar in the higher plants, 
hats and oils, usually in the form of dro))lels but sometimes of soft grains 
or even crystals (nutmeg), comprise another important class of storage 
substances: these are especially prevalent in seeds and spores, where light 
weight is of advantage. In many cases oil may l)e produced anywhere in 
the cell, l)ut in certain forms it has Ikhmi found that special elaioplasts, and 




Fig. 47. — Cry.'^talliiio and other inclusion.s iti ttio rolls of various i)lant,s. 

A, (’y-stolith in subepitlennal roll of Ficus loaf. F, rrystal roll.s in Arctoslaphylos. (\ 
<lru.sc in coll of Rheum palmatuvi. D-K, alourono grains: D, E, from Afyristica; F, from 
Datura slramoaium; (J, from Ricinus communis; //, from Amyudalus communis; /’, from 
Bcrthollclia cxcclsa; J, from Fipniculum; K, from Ela'is !jui 7 iiensis, L, raphide.s in loaf 
of Ayare. M, inulin cry.stats in pro.sorvod roll.s of artirhoko. (B~K after Tschirch.) 

possil)ly also chondriosouK's, ar(‘ concerned in this process. The pt'culiar 
oil bodi(‘s found in the (‘(‘lls of certain liverworts appear to r(']nes('nt oil 
vacuoles: these also have been discussed, together with (4aio[)lasts, in 
(diapter VI. Large masses of intranuclear metaplasm are found charac- 
teristically in th(^ eggs of gymiiosperms. 

Aleurone graim occur in small vacuoles in the cells of many seeds, 
particularly in such oily ones as those of Ricinus, Juglans, and Berlholl- 
etia. In maize and wheat grains th(‘y are limited to a single layer of cells, 
the “aleurone layt'r.” The aknironc grain varies much in structure aiul 
form, several types being described by Pfeffer in 1872. The grain con- 
sists primarily of an amorphous protein substantfe, often with an outer, 
soriK^what more opaque shell. Some examples show no greater differen- 
tiation than this, but many arc much more elaborate (Fig. 47, D K), 
Those of Ricinus contain within them a single angular crystal of protein 
(albumen), often referred to an the “crystalloid,” and a globule of a double 
phosphate of calcium and magnesium with certain organic substances 
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th(‘ ‘‘j»lol)oi(l” (Fi^. 47, (!). Tli(‘ crystalliiH' inclusions s()iiu4iin(‘s 
^row to ho v(u-y larjro. It lias boon thoujjiht by certain workers that 
aleiiron(‘ are self-perpetuatinji; bodies with an individualit y com- 

parable to that of nuclei and certain plastids. That this view is correct 
has been remlered very improbable by th(‘ r(‘searches of lOast and Hayes 
(1911, 1915) and Emerson (1914, 1917) on the inheritance of aleurone 
characters in maize, and also by the work of Thompson (1912), who suc- 
ceed(Hl in producing artificial aleurone jj:rains in all essential resp(‘cts 
similar to those elaboiated by the plant. 

('rt/Mals occur in great variety in th(‘ differentiated c(41s of plants. 
44iey may lie in the cytoplasm, in vacuoles, attached to or imbedded in 
i h(‘ cell wall, and even in special cells. Tlu\v are usually salts of caleium, 
calcium oxalate being espc'cially prevalent. The bundle's of needle- 
shaped crystals known as “raphides” (Fig. 47, L) found in the leaves of a 
numl)(‘r of plants are' e'e)m{)oseel e)f the latte'r salt , as ai‘e alse) the sphe'rie'al 
aggregations calleel ‘Mruse's,’' e)r ‘bspluerraphiele's ” (Fig. 47, C). Th(. 
curie)us e*lustereel “e'ystediths” of the Fma.s le'af (Fig. 47, /I) are'maele up of 
ce'llulose' anel calcium carbonate', (hystals ejf silica are' very abunelant in 
the thie-keneel walls e)f wemel e;e41s and in many e)ther tissue's, such as the 
outer cells e)f the hVjui.sciiiw stem. Crystals of albumen, asiele; from tlmse 
founel in aleurone grains, are fieepiently present in the e*ytoplasm of e*e'lls 
poor in starch, as in the outer portiem e)f the potato'tuber. The leuea)plast 
of Phajus often ea)ntains a re)el-shaped albume'n e'rystal. Pr'otein crystals 
e)f varie)us sha|)es are occasionally observeel within the nucleus (Stoe'k 
1892; Zimmermann 1893). 

Ce'llulose is a e*e)mmon storage material, existing as a rule in the form 
of lamina? eleposite'el upon the original cell wall. 

As alreaely pe)inteel out, the' sap of vacue)lateel ce'lls may ce)ntain a 
num])er of differentiation products in sedution. The cell sap is usually 
slightly aciel in reaction, owing to the presence e)r organie; acids (malic, 
formic, acetic, oxalic) and their salts. Inogranic salts are pre)l)ably always 
present. Amieles, such as glutamin and asparagin, glucosidc's, sugars 
prote'ins, tannin, and many other substances are of freepient oe'curronce 
in the cell sap e)f various plants. The e-arbohyelrate inuliii may be pre- 
cipitated out of the? sap by alcohol: this accounts for the presence e)f 
ne)elules of radiating inulin e'rystals freepiently encounte're'el in pre^serveel 
material (Fig. 47, M). Rubber is present in the' form of a suspension of 
minute droplets in the' e'cll sap of Ficus elastica and several other plants 
Cutta-percha occurs in a similar state in Isonandra gutta. The ce'll saj) 
in sue'h cases has a characteristic milky appearance. The cell sap is 
e)ften colored by reel, blue, and yellow anthocyanin pigments (Wheldale 
1916; Palladin 1918; Bcauverie 1919), some of which change cole)r when 
the reaction of the sap is altered from acid to basic and vice versa. The 
striking colors of flowers are due to '‘(1) the varying color of the sap, (2) 
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the distribution of the cells containing it, and (3) combinations of colored 
sap with chloro- and chrornoplasts/' Autumnal coloring is due to the 
formation of pigments as disorganization products: when cytoplasm and 
chlorophyll arc the main disorganizing substances a yellowish color results, 
whereas if sugars are present in considerable amounts in the cell sap the 
brighter pigments arc formed. 

Extruded Chromatin.^ — The actual extrusion of chromatin from the 
nindeus into the cytoplasm has been reported in a number of instances: 
in the microsporocytes of various angiosperms by Digby (1909, 1911, 
1914), Derschau (1908, 1914), West and Lechmere (1915), and others; 
in ferns by Farmer and Digby (1910); and in the Ascomycete Ilelvella 
crispa by Carruthers (1911). The extruded chromatin commonly takes 
t h(‘ form of deeply staining globules or irregular masses in the cytoplasm ; 
often a clear area suggesting a nuclear vesich' is present about them. In 
soiiH' cases, such ii^Gallonia candicans (Digby 1909) and Lilium candidum 
(West and Lechnune 1915), the chromatin may pass through tlu* wall 
into an adjacent cell, where it forms a rounded mass connected by a 
chromatic strand with t in' nucleus from which it originated. 

The significance of this phenomenon is by no means apparent. It is 
not at all unlikely that nutritive materials i)assing from nucleus to cyto- 
plasm during the normal metabolism of the c(41 (xamr at times as visible 
globules at the nuclear surface. The extrusion of chromatin into neigh- 
boring cells, on the other hand, in many cases has every appearance of 
a phenomenon associated with degeneration or some other abnormal 
physiological condition. West and Lechmere, however, view the process 
as one which occurs normally at certain stages, and which will probably 
be found to be more general in i)lants. Sakamura’s (1920) extensive 
researches on chloralized cells have led him to regard the extrusion of 
large masses of chromatin as an abnormal phenomenon which occurs as a 
result of a disturbance of the metabolism of the cell. Its more fretpient 
occurrence in sporocytes than in other cells is attributed to the unusual 
sensitiveness of the former to disturbing influences. 

The Senescence of the Cell. — ^The accumulation of products of 
metabolism ('‘differentiation products”) has a direct bearing on the 
problem of protoplasmic senility. As its life progresses the cell gradually 
"ages,” and if nothing occurs to prevent it the process eventually term- 
inates in death. What shall be taken as an index of the degree of senes- 
cence has been the subject of much discussion. We have already called 
attention to the attempts which have been made to correlate senescence 
with a progressive change in the nucleoplasrnic relation, concluding 
that no constant correlation of the kind has been shown to exist (p. 63). 

('hild (1915) has brought forward much evidence to show that the 

‘ Extruded chromatin is not metaplasm, but it has been found convenient to 
treat it at this point along with other inclusions of the cytoplasm. 
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relative rate of metabolism is tli(‘ main criterion of tli(‘ (‘(‘ll’s physiological 
ag(', “young’' cells having a high rate and “old” cells a relatively low 
i‘at(v, and a gradual decline in this rate occuiTing throughout the lib' of 
the cell. In embryonic (physiologically young) cells the cytoplasm ap- 
p(‘ars to l)e comparatively liomogeneous and undiffenmtiatcal. Older 
cells, on the contrary, are ordinarily marked by the i)rcsonce of products 
of differcmtiation in the cytoplasm. Tin; tria^ nnaisure of ag(' is th(‘r(i- 
fore not time, but physiological dilTerentiation. 

In many cells a rejuvenating i)rocess may occur, whereby a high nud-a- 
bolic rate is restored and the prodmd-s of ditferemtiation lost: this is 
i-(‘gai(h'd as a “jetui-n to the (‘inlnyonic state” — a nail physiological 
r(‘juveii(\sc(mce. “Senescence is pi’imarily a decrease in rate of the 
dynamic processes conditioned by the accumulation, differentiation, and 
otlier asso(*iated changes of th(i material of the colloid substratum. 
H(‘j uv(m(‘sc(‘nc(‘ is an increase in rate of dynamic processes conditioned 
l)y changes in the colloid substratum in reduction and dedifferentiation” 
((diild, p. r)(S). Such a rejuvenes(‘en(;(‘ (xaairs in connection with 
i('g('neration, vegetative and othen* as(‘xual re^production, and sexual 
reproduction. In each case the cell whi(;h begins the^ new life* cycle — the 
ineristemiatie^ regene* rating ceil, the^ zoospe)re, e)r the zygote* — has a high 
metabolic rate* anel is ce)np)ara.tively fre^e from the proelucts of diffe*rentia- 
tion. 

In the* le)we*r e)rganisms cell elifTere‘ntiatie)n in this sense is nf)t so great 
but that alme)st any cedi may retain the i)e)W(n' to “ ele'elifferentiate” and 
begin the elevele)pment eif a new inelivielual ve*getatively. hi these forms 
ase‘xual repreieluction may eiccur rcpeateelly and kecf) the* organism as a 
whole; (in protozoa anel protophyta) eir the protoplasm of the race (in 
leiwer metazeia and metaphyta) physie)Iogie;ally young. Only whein the 
metabeilic rate falls very low dex's sexual re*proeluction, the most efTe*ctive; 
of all t he re'juve‘nating agencies, ensue*. 

In the higher plants the retemtion of the* peiweir of eleelifferentiation 
is strikingly shown in the well known cases eif Begonia and BryophyUum, 
which can regenerate complete; new individuals from a few leaf cells. 
In the higher animals cell differentiation is usually so great that the 
somatic cells can nei longer eleelitTerentiatc anel reproduce the organism 
asexually. Here rejuvenation occurs only after the union of two gametes, 
which are themselves, unlike the zoosporcs of algje, physieilogically olel. 
Although local re^juvencscence may occur, as in secretory cells which are 
“younger” after secretion, and also in wound tissue, the differentiation 
of the body cells is carried so far that their metabolic rate falls low enough 
to make a recovery or rejuvencs(;ence no longer possible. Thus it is 
only the functioning reproductive cells that endure: the ultimate cessation 
of all life processes in the body cells is the price which is inevitably paid 
by the complex multicellular organism for the advantages conferred by 
its high degree of differentiation. 
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Of the highest iniportfiiiee in this eoniu'ctioii nre lli(‘ results of at- 
tempts to maintain the cells and tissue's of higher animals in the living 
condition in artificial culture media outside' the hoeiy. It has been shown 
by the remarkable experiments e)f Carrel, Leo T^oeb, Burrows, H. V. 
Wilson and others that cells may be isolateel fre)m any e)f the highly 
differentia teel essential tissues of the body anel ke'pt actively growing anel 
multiplying in vitro for a length e)f time frequently far exceeding that to 
which tlw'y would have lived in the body, '^bhey do not appt'ar to grow 
old: indeed it is not improbable that in such a constantly favorable' 
environment somatic cells are as “potentially immortar’ as the gc'rni 
cells (see p. 403). In the words of Pearl (1921), “It is the differentiation 
and specialization of function of the' mutually elepe'iiele'nt aggre'gate e)f 
cells anel tissues which e’onstitutes the metaze)an boely which brings al)out 
eleath, and not any inherent or ine'vitabh' me>rtal pre)C('ss in the' inelivi- 
dual e'ells themselves.^’ 


POLARITY 

Polarity is a feature which is ewhibite'ei in some fe)ini by the e-ells of 
all higher organisms, and in at least many e)f the simple'r e)ne's, as shown by 
Toblcr (1902, 1904) for certain algic; indeeel it is pr()bal)le tliat it is 
possessed in some form and ele'gre'e by all ce'lls. Ilarpei* (1919) calls 
attention te) the fact that “in the presene-e e)f polaiity anel the various 
symmetry relations we^ have' a fundamental elistine!tie)n betwe*en cell 
organization anel that of polyphase colle>idal systems as they are ce)m- 
inonly proeluceel in vitro.’’ 

This pedarity has two aspects, the morphological and the physiede^gical. 
In the first place, the various constituents of the cell may be arrange'd 
symmetrically about e)ne or me)rc ideal 9xes, so that the eiell has me)re' 
or less distinctly dififerentiateel anterior anel pe>sterie)r enels. This 
structural aspect of polarity has been the one chieQy emi)hasizeel by 
e'ertain workers: van Bene'den (1883), for instane*e, le)okeeI upon polarity 
as “a primary morphological attribute of the e;ell,” the axis passing 
through the nue-leus and the centre)som<'. Later writers, ame)ng them 
Hcielenhain (1894, 1895), made this conception of morphole)gical pedarity 
the basis for interpretations of many ejf the phenomena of cell behavior. 
(See Wilson 1900, pp. 55-56.) However, as Harper (1919) points out, 
polarity “is apparently independent of the uni- or multinucleated condi- 
tion of the cell, which shows that it is in some cases at least a more 
generalized characteristic of the cell as a whole rather than a mere ex- 
pression of the space relations of the nucleus and cytoplasm , . Other 
investigators (Hatschek 1888; Raid 1889, 1892) early laid emphasis upon 
the physiological expression of polarity. The cell shows a polar differ- 
entiation in physiological labor: the processes in one portion of the c(dl 
differ from those in another, this difference in the case of tissue cells 
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being duo to din'croiit ouvironiuonts in (ho tissu(‘. For (lioso workiMS 
this physiological difYercntiation is the ossontial olonuMit of polarity; 
any morphological polarity is duo socondarily to it. 

Metabolic Gradient. — Th(' most suggostivo physiological coiu'option 
rocontly developed in this connection is that of Child (191 l-H)l()). 
Cliild has shown in the case of Pkinaria and other low(‘r animals, as w(‘ll 
as in certain algae, that along each of the axes of symmetry th(‘r(' exists a 
“metabolic gradient,” or “axial gradiemt;” the rate of th(' })liysiological 
processes is highest at one end of th(' axis and diminishes })rogressiv(‘ly 
toward the other end. The anterior (mtl of a planarian, for (‘xampl(‘, 
has a higher nudabolic rate than the posterior portions. Furthermore, 
the portions of higher rat(‘ dominat(‘ and control th(' developnumt of 
those portions having a lowca* rate, with the result that th(‘ young indivi- 
dual soon develops and maintains a d(‘finite physiological correlation of 
anterior and posterior parts. Similarly in individuals with mor(‘ than on(‘ 
axis of symmetry, tlune may be a (‘orr(\spondifig dorsal-ventral, as well 
as an axial-marginal, corndation. That polarity is here j)rimarily a 
physiologi(*al matter is indicated by th(‘ fact that (experimental altera- 
tions in the metabolic rate in different parts is follow(*d by abnormalities 
in structural development. 

As to the means by which the dominance of certain regions over others 
is exercised, correlating the activities of the various parts of th(' or- 
ganism, there are two principal theories in the field. According to one 
theory chemical substances (hormones) arc produccal at certain pla(;es 
and transmitted through the body. Although the circulation of such 
hormones clearly has much to do with correlation in higher complex 
organisms, Cdiild adduces good evidence in support of the second theoiy, 
namely, that tin; fundamental relations of polarity “d('pend primarily 
upon impulses or changes of some sort transmitted from i\u) dominant 
region, rather than upon the transportation of (‘hemical substances” 
(p. 224). 

It cannot at present be said to what extemt this (concept ion of polarity 
is ap|)licable to the single (cell. The work of Child shows in a very 
definite manner the coincidemce of the morphological and physiological 
axes of polarity, which indicates that the two are but different aspects of 
one and the same polar differentiation. A similar coincidence exists very 
generally in the case of the single cell. In the (cell, as in the organism as a 
whole, functional and structural differentiation are inseparably connected. 
In th(? present state of our knowledge the attempt to determine the real 
('ssence of polarity raises ciuestions which cannot yet be answered. Does 
physiological polarity depend upon a polarized structure which is a 
fundamental attribute of the cell’s ultimate organization? Or docs a 
polarized morphological arrangement follow and depend upon a physio- 
logical division of labor arising as a difference in intensity or rate in proc- 



140 


INTRODUCTION TO CYTOIJXiY 


esses orij^inally coiiiinon to all parts of the cell? If so, to what internal 
or external factors is the establishment of this difference due in cells having 
no initial polarity? Analogies with (dectrical polarity have been resorted 
to in this connection, conc(‘rning which Harper (1919) says: ^^To pro- 
vide an adequate basis for understanding the observed facts of polarity, 
however, it seems to me that the conception of compound aggregate 
polyphase systt‘nis is more suggestive than these attempted analogies . . . 
In the spatial arrangement and interactions of thest; systems polar dif- 
ferences of th(i most diversified types are bound to arise in the mass as a 
whole and express themselves in the form and relative rigidity and surface 
tension of different parts, as well as in the interrelations l)etween the c(‘lls 
of a group in contact/’ 

Tlic polarity of the multicellular organism as a whole is closely bound 
up with the polarities of its constituent cells. Harper has ch'arly shown 
(1918) that in Pediasinini th(‘ })Osition of the swarm-spores in the colony 
which th('y unite to form is directly dependent upon their polarity. 
This does not mean, howev(T, that the polarity of the multicellular organ- 
ism is nothing more than the sum of th(‘ polarities of its constituent 
cells, unless we return to Schwann’s simph' conception of the organism as 
merely an aggregate of independent cells. (vSee p. 12.) The higher 
individuality, th(' colony, has its own polarity, which may be ndated to, 
but is not the same as, that of its individual c('lls. In th(* ordinary multi- 
cellular organism the polarity is an outgrowth. of tln^ polarity of the 
fertilizcai egg cell rather than of the polariti('s of the many adult tissue 
cells. 

In polarity, then, we encounter anotlun* problem which must be 
brought nearer a solution before we can have any ade(}uate understanding 
of the relation of the cell to the multicellular organism as a whole, and of 
the perplexing matter of organic individuality. 
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SOMATIC MITOSIS AND CHROMOSOME INDIVIDUALITY 

SOMATIC MITOSIS 

SiiH'c tlu' till 10 wIkmi th(‘ (‘oll was pointed out iis (h(‘ unit of struetiin' 
and function it has boon rooognizod that tlie mode of origin of new cells 
is a niattc'r of fundaniontal importance'. We have’ seen in our historical 
sketch that c('lls wviv b(‘li('vod by the founders of the Oil Idieory to 
arise de novo from a moth('r liquor, eir “ cytoblastoma/’ a mise’onception 
lemoved by later inve’stigations in which it was shown beyond question 
that cells arise only by the’ division of pn'oxisting (’oils. By several early 
obs('rvers the nucleus was s('(‘n to have a mon' or h’ss promiiu’nt part in 
th(’ procc’ss, its division iireaa'ding that of t lu* c('ll, l)ut ^St was not until 
1873 that the way was ope'ned for a better und(’rstanding of the matter. 
In this year the discoverie’s of Anton SchiK’idor, quickly followed by 
others in the same direct ion by BUtschli, Fol, Strasliurgor, Van Beneden, 
Flemming, and Hc’rtwig, show('d cell-division to be a far more ('laborab^ 
proc(‘ss than had Ik'ou suppe^sed, and to involve’ a complicated trans- 
formation of th(’ nucleus to which Schleicher (1878) afterward gave tlu’ 
name karyokmefitf^. It soon appeari’d, how<wer, that this mode of divi- 
sion was not of universal occurrence^ and that cell-division is of two wielely 
different type’s, which Van Bene’den (187()) distinguislu’d as /mf/me/da- 
lion, corresponding nearly to the simple* proce’ss de’seribed by Remak, 
and division, involving the more complicate’d proce’ss of karyokine’sis. 
Thre'e years later Flemming (1879) propose’d to substitute for these 
te'ruis diTcct and uuiivcxl division, whie*h are* still use’d. Still lateu (1882) 
the same author suggc’ste’d the* terms mitosis (indirect or karyokinctic 
division) and amitosis (direct or akinetic division), which have rapidly 
made their way into gene'ral use, though the* earlier terms are often 
(’inployed. Mode’rn research has demonstrated the fact that amitosis 
or diicct division, regarded by Remak and his fedlowers as of universal 
()e;currence, is in reality a rare^ and exceptional i)r()cess;. . . it is certain 
that in all the higher and in many of the lower forms of life, indirect 
division or mitosis is the typical mode of cell-division” (Wilson 1900, 
pp. 64 05).^ 

1 following iidclitioiiJil liistoriceil delta arc of interest. I he chroiiiosonies, 
though they appeared in tlie figure.s of Schneider (1873), were first adequately drawn 
by Strasburger in 187.5. Longitudinal .splitting was described by Flemming in 1882. 
The terms pro phase, rneki phase, and anaphase were introduced by Strasburger in 
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In view of the fact that the phonoinoiia of growtii, difforentiation, 
reproduction, and inhc'ritance are now known to l)e intimately l)ound up 
with the process of cell-division, it is obvious that a detailed knowledge 
of this process is an absolute prereciuisite to a solution of many of the 
problems which confront us. In the present chapter the essential f(‘a- 
tures of vegetative or somatic nuclear division will b(^ d(\scribed. After a 
preliminary skedch of the process of mitosis we shall take up in some 
detail the behavior of the chromosomes and tlie (piestion of their individ- 
uality. In the following chapter attention will be devoted to other 
features of cell-divdsion : the achromatic figure, the mechanism of mitosis, 
cytokinesis (the division of the extra-nuclear portion of the cell), and the 
formation of the c(41 wall. 



Preliminary Sketch of Mitosis.— The main st<‘ps in a typical case of 
somatic mitosis in plants may l)e very briefly outlined as follows (Fig. 
48) : 

The chromatic material of the “resting ” nucleus, as descrilu'd in 
(diapter IV, exists in the form of a more or less irrc'gular retirulurn. As 
the process of mitosis begins this reti(*ulum n'solves itself into a, definit(‘ 
number of slender threads which represent chromosomes. These in 

1884, and Heidenhain in 1894 first used the term IdokinesU {telophase). LundegRrdh 
(19126) added interphase. The chromo.some was named l)y Waldeyer in 1888, 
Hermann in 1891 distinguished connecting fibers (central spindle) and mantle fibers. 
That the halves of each split chromosome go to opposite poles was shown by van 
Beneden for animals and by Heu.ser for plants in 1884. The achromatic spindle was 
first figured by Kowalevsky (1871) and Fol (1873), and first carefully described by 
Blitschli (1875a6). 
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iiKUiy luicloi are distinct from each other from the first, whereas in other 
cases they may he arrans(*d end-to-end in a more or less continuous 
thread, or .spireme, which lat(u* segments transversely into independent 
chromosonK^s. The slender threads (chromosomes) now split longitu- 
dinally throughout their entire length. A progressive shortening and 
thickening of the s|)lit threads ensues, so that the nucleus is ev(mtuidly 
s(‘en to have a certain number of (‘hromosomes which have betuiine 
double through a longitudinal cleavage'. 

While the above changes are occurring, fine fibrils are differentiated 
in the cytoplasm near tlie nucleus and become arranged in two opposed 
groups. The nuclear membrane now disappears and the fibers extend 
into the nuclear region, where sonu' of them (the “mantle fibers”) 
attach th('mselves to the double chromosomes, while others (the “con- 
necting fibers”) pass through from oiu^ pole lo the other. The double 
chromosonies quickly become arrangc'd in a singk^ plaru' at the equator 
of th(; cell, the fib('rs iiK'an while forming the achromatic jig lire, or spindle. 
Tliis stage is known as the nictaphase; all the sb'ps h'ading up to it, be- 
ginning with the initial changes in the resting reticulum, constitute the 
pro phase. 

The daughb'r chromosomes (the halves of the longitudinally split 
chromosomes) now move apart toward the poles of the achromatic 
figure, wli('re tliey soon form two closely pa(‘ked groups with tlu' central 
s[)indle of connecting filx'rs ext('nding l>etw(‘en t hem. The i)eriod during 
which the daughh'r chromosoiiH's are thus moving apart is known as the 
anaphase. The* two groups of daughter chromosomes now reorganize 
the daughter iimdei, in each of which the chromosomes again form a 
r('ticulum lik(' that of the original mother nucleus. This reorganization 
periofl is called the telophase. During th(' telophase there is formed 
upon the con needing fibers (c('ntral spindle) a separating wall, which 
compk'tes the division of the cell. The nucleolus as a rule plays no con- 
spicuous part in mitosis: it usually disappears during the late stages of 
the prophase, new nucleoli being formed in the daughter nuclei in the 
telophase. In rapidly dividing cells the period between two successive 
mitoses is called the interpha.se. 

Mitosis in animals (Fig. 49) is closely similar to that in jdants as 
r('gards the behavior of th(' chromosomes. It normally differs in two 
conspicuous features, namely, th(^ presence of centrosomes and the 
mod(' of cytokiiK'sis following the division of the nucleus. 

During the prophases the centrosomc with its aster, if not already 
double, divides. The two daughter centrosomes, each with its own 
aster, move apart, and a small bundle of fibers extends between them; 
all these structures together form the nrnphia.ster. The rays on the side 
toward the nucleus extend into the latter when the membrane dissolves 
and become attached to the chromosomes, often before the two centro- 
10 
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soiiios have reached polar positions. The centrosoiues, siii'roiiiuU'd by 
ast(n\s, remain at the poles of the achromatic figure during metaphase, 
anaphase, and telophase, and after mitosis has been completed they may 
disappear or remain through the resting stage to function in the next 
mitosis. (See p. 78.) 

The division of the cell following nuclear division is commonly 
brought about in animals by the formation of a cleavage furrow, which 
grows inward from the p(n-iphery as d(‘scribed in th(^ following chapter, 
rather than by the formation of a wall on the spindle fibem as in 
plants. 



Although th(* two abov(‘ points serve in geiHO'al If) distinguish mitosis 
in animals from that in plants, the distinction is not a sharp one: C('n- 
trosomes ar(‘ regularly prescmt in th(' cells of many lower plants, whil(‘ 
c*ytokin(*sis by furrowing also occurs in certain cases, as will later be 
shown. Th<^ essential point to be borne in mind is that the significant 
h'ature of mitosis — the division of tin; chromatin and its distribution to 
the daughter nuclei — is fundanKUitally the same in both plants and 
animals. 

The relative duration of the various phases of mitosis has been studied 
in a few (;ases. As an example may be taken the obs(u’vations of M. and 
W. Lewis (1917) on the mesenchyme cells of the chick growing in tissue 
cultures. These investigators summarize the researches of others upon 
the subject and give the following figures for th(^ chick cells: prophase, 
5 to 50 minutes, usually more than 30; metaphase, 1 to 15, usually 2 
to 10; anaphase 1 to 5, usually 2 to 3; telophase up to cytokinesis, 2 to 13, 
usually 3 to 6; telophasic recon.struction of daughter nuclei, 30 to 120; 
total, 70 to 180 minutes. 
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Detailed Description of the Behavior of the Chromosomes in Somatic 
Mitosis.^ — In the present aeeouut we shall depart from tin* order usually 
followed in descriptions of mitosis. Instead of commencing with tl»(‘ 
resting nucleus and tracing the steps leading to the formation of two 
(laughter nesting nuclei, we shall begin the description with the fully 
formed chromosomes as they appear at the metaphase and follow tlu'in 
thi*ough anaphase^ telophase, resting stage, and prophase to th(‘ next 
iiH'tapliase, when they arc again clearly seen. This is done* in ordei- tliat 
the account of th(‘ telophasic transformation of the chromosonu's to 
form a resting reticulum, and tlie i)rophasic condensation of tlu^ latb'r 
to form chromosomes, may 1)(‘ givem without interru])tion, which scmmus 
advisabh' in view of tlu' nature of c('rtain (pu'stions which an' lat(‘r to 
l)e discuss('d in the light of chromosoiiK' In'havior. 

Metaphase (Fig. 50, d). As the chromosome's arrange' themse'lve's 
U})on the spindle preparatory te) the'ir anaphasic separation tlu'ir double' 
nature' is ele'arly evident. The' two halves may lie very close' toge'ther 
and in the case of long chromosome's may Ix' somewhat twisted about 
each other. When they lie a little apart tlie'y may often show small 
connecting strands or anastomose's; in the' immediately preceding stages 
(late prophase) the^ halve's an' usually pressed tightly toge'ther, so that 
these anastomoses appeal- to be due to mutual coherence at certain 
points when the^ halves move slightly apart after the' disappearance' of 
the nucU'ar membrane. As the double chromosomes take their })lac('s 
on the spindle, the spindle fibers become attached to t he'in, not to all [larts 
but to a particular portion of e'ach. In the case of long chromosomes 
the point of attachment is often at about the; middle, wh(;reas in shorte'r 
oims it is (commonly near one end. At. their jioints of attae'hment to 
the spindle the double chromosome's all lie with their halves superposexl 
(one half towai’d each spindle; pole) and in a single plane; those portions 
to which no fibers are attache'd may exte'nd in various directions with no 
regular arrangement . 

Anaphase (Fig. 50, B-D).— The daiighte'r chromosomt's (the halve's 
of the double chromosomes se'en at metaphase) now begin to s(;parate, 
first at the point of insertion, and gradually move away from the; eepia- 
torial plane. Owing to the different locations of the peiints of fiber attach- 
ment, and also to the; fact that the free ends of the chromosomes occupy 
various positions, the chromoseime's, unless they are; very short, may now 

1 Tliis (loscription is hasexl ejn the author’s ace*oiints of soniatic mitosis in Vida 
faba (1913) and Tradescaniia virginiana (1920). In these papeu’s, cspceially in the 
first, there is presented Ji more extensive eomparison of the results of other invest i- 
gators than can he given here. Comparative studies have shown that in gemeral 
the present dese*,ription is widely applicable* to mitotic phenomena in plants and ani- 
Jiials, although many modifications in detail are known, partie,ularly in forms willi 
small chromosemies. A useful list of works on mitosis in angiosperms is giv(*n by 
Picard (1913). 
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bo drawn into a number of peculiar sha[x>s. In the case of long chromo- 
somes the portions to which the fibers are attached may have reached 
the poles of the spindle while the other portions arc not yet separated 
at the equatorial plane. As soon as the daughter chromosomes liecome 
entirely free from one another they quickly draw apart and contract 
into two licnsc masses, whicdi are often actually farther apart than were 
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the poles of the spindle at metaphasc. In tlnwe masses the individual 
chrpniosomcs can be distinguished only with great difficulty or not at all. 

this stage, which has been referred to by Grdgoirc and Wygaerts 
(1903) as the tasnement polaire, the anaphase ends and the telophase 
begins. M 

Telophase (Fig. 50, A’-- Fig. 51, /). --After remaining tightly pressed 
together for a short time the chromosomes of each daughti^r group begin 
to separate, their individual boundaries again becoming visible. As they 
do so they cohere at various points where their substance becomes 
drawn out to form anastomoses. It seems clear that the main connec- 
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tions between the chromosomes of the reorganizing telophase nucleus 
arc formed in this way, at least in mitoses showing a tassement polairc 
stage; but it is also probable, as several investigators have pointed out, 
that other anastomoses may grow out from one chromosome to another 
in the manner of pseudopodia (Boveri 1904; Gates 1912; Straslnirger 
1905; Dehorne 1911; Muller 1912; Lundegardh). 

Reactions taking place between the various chromosomes and espec- 
ially between them and the cytoplasm now result in the production of 
the nuclear sap, or karyolymph. Between the outermost chromosomes 
and the cytoplasm and also within the chromosome group droplets of 
clear karyolymph appear, and where these come in contact with the 
cytoplasm a nuclear nK'mbrane is formed. As the karyolymph increases 
in amount the nucleus enlargf's and the chromosomes become more 
widely separated. 

The telophasic alveola! ion of the (4iromosom(‘s, although it may in 
exceptional cases begin much earlier, usually commences at about the 
time the chromosomes first separate from one another in the early 
r(H)rganization stages of (he daughter nucleus. Within each chromosome 
vacuoles appear, first as obscure though rather sharply d(4imited circular 
or elongated areas, d'hoy lie not only along the axis ])ut also near 
and against the peri|)hery. This point is of importance in (evaluating 
(he claim advanced by certain investigators (Lundegardh 1910, 1912; 
Fraser and Snell 1911; Fraser 1914; Digby 1919) that the vacuolation 
is median and results in a splitting of the chromosomes during the telo- 
l)hase, rather than in the prophase. While the vacuoles devc'lop into 
open spaces through the breaking down of the thin i)ortions bounding 
them the nucleus increases rapidly in volume, so that each chromosome 
appears as an irregular net-like band joined to its neighbors by fine anas- 
tomoses. Careful study of the details of these telophasic changes (see 
cross sections of chromosomes in Fig. 50, F) shows that the alveolation 
proceeds with little regularity, and that each chromosome becomes an 
alveolar and then reticulate body with nothing which can properly be 
called a longitudinal split. 

In certain cases these internal changes, which result in the trans- 
formation of the chromosomes into a reticulum, and which as a rule do not 
begin until the telophase, may be initiated during the anaphase. In 
Allium, for instance. Miss Merriman (1904), Lundegardh (1910, 19126), 
and Nemec (1910) all report that the vacuolation of the chromosomes 
begins at this time. Even more striking is the case of Trillium (Gr^goire 
and Wygaerts 1903), in which the unusually large chromosomes may 
show vacuoles as early as the metaphasc (Fig. 54, A). Internal changes 
of other types have? also been described in anaphase chromosomes, but 
not with sufficient clearness to warrant their use in general interpre- 
tations. 
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According to Jioiiiiovic (1908, 1911) the chroiiiosoiu(‘s of A ///////;, 
Ascaris, and Amphiuma each give ris(^ to an cndog(‘nous spiral thread 
during the telophas(\s, this spiral thread persisting through tlu' r(‘sting 
stages until the next pro[)hase, when it again condensers to foi in a chromo- 
some (P'ig. 54, B). In his work on Salamduclra Dehorne (1911) asserted 
that each chromosome is represented at t('lo[)hase by two interlaced 
spirals arising from an anaphasic split, and furtherr that theses double 
structures arc associated in pairs and persist in this condition through 
the resting stages. These two conceptions have been criticized by 
Gregoire (1912), Sharp (1913), and de Sniet (1911), who have inteu- 
preted such ap[)earances as occasional asp('(*ts of the alv(‘oliz('d chromo- 
somes without the significance' attribute'd to tlu'm by Boniuwie and 
Dehorne. 



Fig. .^1. SGiiiatic iiiitosi.s in Trinlinctinlia viryinuina: Into n^Iophase (II, I), intor- 
plnisc and re.ytinK MtaKo (./, A'), and early prophase (A, M). X 1900. (Aftvr Sharp, 
1920.) 


In the young telo[)hase nuch'us the chromosouK's may become ar- 
ranged in the form (A a more or less continuous daught(‘r spireme which 
is then transformed into the' rc'sting reticulum. This spireme stage, 
however, is not a necessary one; its absence is being reporbal with 
sufficient frequency to throw much doul>t. upon the view that it is a 
phenomenon of even general occurrence*. 

The nucleolus usually makes its appearance during the? early telophase* 
as a small elrejplet or as several such elroplets which may later fie)w 
tejgether. It seems to have little elirect connee*tie)n with the chronie)- 
sornes, but there can be no eloubt tliat its af)pearance is e*le)sely associateel 
with their physie)l(jgie*al activitie's. 

As the te'lophasie* changers proe;eH‘el the chre)me)se)ni('s with tlu'ir 
anastomoses graelually form a more anel more* uniform reticulum, in 
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which, h()W(‘v^(‘r, IIk' liinils of th(‘ c(>m|)()ii(‘n( chroniosoiiK's (*aii l)(‘ 
(listinj'uishcd niilil a vaay la((‘ slaj^t*. 

Interphase (Fiji;. 51, ,7). -It often liappen.s that in rapidly jurowinji; 
tissue, such as the meristein of the root tip, the initos(‘s siiecaa'd one 
another so rapidly that the telophasie changes may not. proceed far 
(‘iiough to obscure the limits of the chromosomes in tlie reticulum 
l)efore the changes of the ensuing prophase begin. In such tissue it is 
not always possible to t(‘ll whether a given nucleus will undergo further 
t(‘lof)hasi(* change or will at once enter upon the prophases. Such 
iut(‘rphasic nuclei dev(‘lop nucleoli, but karyosomes (in species which 
hav(' tlu'se bodies) are usually not fornu'd until a more advanced stage. 

Resting Stage (Fig. 51, J, /\). -In slowly growing tissue the successive 
mitos(\s do not follow one another with v(‘ry great rapidity, and the* 
t(‘lophasic changes are carried on until the condition characteristic of 
th(‘ typical resting nuchms is reach(‘d: the interphase here b(*(a)mes the 
prolonged r(\sting stag(‘. The structure of th(‘ resting nucleus has be(*n 
fully described in (diaptc'r IV. In tin* reticulum the limits of the con- 
stituent chromosouK's usually l)ecom(‘ indistinguishable, although it is 
known that in certain cases such nuclei, if j)roperly scadioiK'd and stained, 
may reveal heavier and lighter areas in the reticulum whic^h represent 
r(\sp(M‘tively th(‘ chromosonK's and the regions of anastomosis between 
tluMu. The importance of these facts will b(' a})pai’ent in our treatment 
of the individuality of the chromosomes. 

Prophase (Fig. 51, L- Fig. 52). —The first indication that the prophasic 
changes have* begun is seen in the breaking down of the reticulum in 
certain ri'gions. In tin* case of nuclei which show heavier and lighter 
ar<‘as in their reticula this bi(‘aking down occurs along the light portions. 
In view of what has been said concerning the origin of the reticulum at 
telophas(' i( is a[)parent that lh(‘ br(‘aking up oi' the reticulum in th(‘ 
prophase represents in such cases th(‘ separation of the constituent 
(‘hromosomes from ('ach other along the lines of their telophasie union, 
and it has been inferred that a similar interpretation applies to those* 
nuclei in which the I’cticulum is p(*rfectly uniform or in which the nuclear 
mate'rial assumes nK)i'('. irregular forms. In this way there are develo|x*d 
from the r(*stiTig n'ticulum a number of more* or less distinct red-iculate 
units, which, in view of their sub.seepient behavior, we know to be the 
(‘hromosomes (Fig. 51, L, M). That th(*s(* units are essentially the same 
as thos(* which went to make up the reticulum at the preceding telophase 
s(‘ems highly probable; there can be little doubt on this point when the 
interphas(* is short. 

The material of each reticulate unit (chromosome) now gradually con- 
denses in a very irregular fashion about its open spaces and cavities. 
The thinner regions l)ounding th(*sc spaces and cavities become broken 
down, and the thicker portions remain as a very irregular zigzag thread of 
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unovon thickness, which soon begiMs to straighten out (Fig. 52, P). At 
the Kani(! time the material (a)mp<).sing the thread becomes moiv ewaily 
arranged throughout its length, so that the (rhromosomo eventually takes 
the form of a single- slender thread. All of tlu^se changes— condensa- 
tion, straightening, and equalization in thickness— may be scon going 
on simultaneously in different chromosomes of the same nucleus, or even 
in different portions of a single chromosome. 

The formation of the slender iirophasc chromosomes from the retic- 
ulum in the above manner was first described in detail by fJrC-goire and 
Wygaerts (1903) and Gregoire (1900), and new leases have since been 
added. The above writers, together with Nemec (1910), Digby (1910), 




tiG. 52. Somatic mito.sis in Traflescantia viruiniana: ifrophasos 




and Muller (1912), believe that the scparati-d portions of the reticulum 
may also condense directly into the slender thn-ads without passing 
through the very irregular zigzag stage above described. It is probable 
t lat both methods are followed in different cases, direct condensation 
possibly l)cing the rule in small nuclei. The view of Bonnevie (1908 
1911) concerning the origin of the zigzag threads has already been 
mentioned in the paragraphs on the telophase. According to this worker 
and to certain others (Wilson 1912a6) the chromatic material forms a 
spiral thread within the chromosome during the telophase, this thread 
uncoiling and emerging from the chromosome in the following prophase. 
It IS true that the zigzag threads occasionally have a strikingly regular 
spiral aspect, but in view of the many other aspects observed and the 
process which is known to give rise to them, it is probable that the 
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formation of spirals in tlm manner desMilKal by llomu'vio is at least 
very except ional. 

1 he (me longitudinal splitting of the chromosomes is initiated in 
the slender threads of ttie early prophase (Figs. 52 and 53, Q). As soon 
as a thread becomes snfficiimlly eipialized in diameter small vacuoles 
appear along its axis and rapidly develop into a more or less continuous 
si)ht. Not ail the threads, nor even ail portions of the .sanu' thread 
undergo the change at the same tim(>. If we consider the whole niicleu.s 
at once, the processi's of (amdimsation, straightening, ('(pialization, and 





X lO-W. (After Sharp, 


splitting are all going on simultaneoasly; only in a given small portion of 
a thread do they follow in definite .sociueuee. Furthermore, as soon as 
the threads become equalized they at once begin to shorten and thicken, 
so that when vacuolation and splitting arc a little delayed they occur in 
s Dine what heavier thrcaiis. 

The manner in which the vacuoles develop into the complete split 
should be carefully noted. The vacuoles quickly form openings which 
extend completely through the chromosome, so that the latter soon takes 
the form of t-wo parallel strands connected by heavy cross pieces repre- 
senting the portions between the original vacuoles (Figs. 52 and 53, S). 
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44i(' riiati‘)ial const it iil in^- the cioss pit'ccs ^|■a(lually niova's to tlu^two 
side stniiids, the (‘(‘iitc'r portion of th(‘ cross pi('C(‘ hccoininji; progressivedy 
thinner and tln^ material aecuniulating on the side strands as a pair of 
clironiatic lum|)s. Although sonu' of the cross piece's may persist until a 
relatively late' stage' mejst of them soon disappear completely, anel the 
material in the twe) chre)matier lumps is gradually elistrihuteel more or 
h'ss evenly along the parallel stranels, whie'h lepresent the elaughte'r 
e'hromose)mes re'sulting fre>m the split. 

The' ele)uble chre)mosome's now short<*n anel thicken, forming the 
^‘thie'k spireme” so ce)nspicuous in pre)phase mu'lei (Fig. .53, T, IJ). As 
pe)inte'd out in the preliminary sketch ejf mite)sis, the chrofnosome's in the' 
prophase may form a more or le'ss continuous spiremes, but it is becoming 
increasingly appare'ut that this is not a universal phenomenon. It is 
e'ertain that in many cases the chromosome's are' separate' fre)m the first, 
anel it seems therefore that any a.sse)ciatie)n in the form of a e*ontinuous 
spireme is a matte'r of seconelary importance. As the shortening anel 
thickening i)roce'e'd the split may bee'ome ol)se*ure*d by the' close' 
assoe'iation of the' halvc's, ])ut suitable methoels reveal its j)resence. 

While inelicat ie)ns e)f spindle formation are appearing in the cytoplasm 
the nucleejlus disappears and the nuedeus begins to contraed, so that the 
thick elouble chrome:>somes bee‘e)me' very closely packeel toge'ther. While 
the ce)ntractie)n is at its height the nucle'ar membrane elisjippears, after 
which the chromosomes lejose'n up as an irregularly arranged group. 
This contraction stage (‘vidently does not oc(!ur in many mitoses: the 
membrane may disappear while the nucleus has its full size. However, 
wh('n it does occur it is of very short duration, so that it may take pla(‘(‘ 
in more cases than has been suppos(‘d. After the disappearance of th(‘ 
nuclear membrane tlu' spindle fibers establish connection with the chro- 
mosomes, which (piickly become arranged with their halvc's in superposi- 
tion at th(^ equatorial plane, as described in the paragraph on the 
metaphase. This brings us to the point with which our description 
began. 

It should be added that in many descriptions of mitosis, notably 
those presented in general t(*xt books, the chromosomes an^ said to split 
during the metaphase, aftc'r th('y have become arranged upon the spindh'. 
Such a late development of the split may indeed occur in some cases, but 
it is m)t im[)robable that closc'r examination would often reveal tlu' 
inception of the process at a mindi earlier stag(u As has been pointed 
out in the foregoing descrii)tion, tin; early formed split frequently b('- 
cornes obscured during the later prophases owing to the shortening and 
thickening of the chromatin threads, and becomes conspicuous again 
only after the metaphasc figure has been established. 

Chromomeres. — One matter which should receive special attention is 
that of the chromomeres. It was held by Roux (1883) that the compli- 
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ciitnl pn)C(*ss of mitosis is m(‘;nnn^l(*ss unless 1 h(‘ chromal in is (juali- 
(ativ(‘ly (lirf(‘i(‘nl in tlu' va lions n‘ji;ions of tli(‘ nucUms, and that th(‘ 
arrang;(Mnent of the niat(‘rial of the ehroniosoine in tlu' form of a lon^- 
thread prior to its splitting is a means whereby all tlu'se (pialities, ar- 
rang('cl in a liiK'ar series in the thread, are ecjuationally divided and 
distributed to the daughter nuelei. The theory of Balbiani (187()) and 
Pfitzner (1881), that the chromatin granules visible in the nuclear reticu- 
lum arrange' themselv(‘s in a s(‘ries in th(‘ cliromosonu' and by the'ir 
division initiate' its splitting, hael much to do with the formulation e)f this 
hypothesis. Tliat the' chromatie* granule's, e)r chromomeres (Fol 1891), 
le'pre'sent the ([ualities of Houx is a theory which has been wiele'ly accepte'el 
by cytologists. It was the opinie)n e)f Braiier (1898) and many later 
worke'rs that the' gianule's or chromonieres, rather than the e*hre)mosom('s 
themselves, are the significant units in the nucleus, and that their division 
is an act of reproduction. The division and separation of chromosomes 
was aea'ordingly re'gai de'd as a me'ans of elistributing the' daughter granules 
to the daughter cells. That the' chromornere is maele' up of still smaller 
‘^;hre)mioles ” was he'lel by Kisen (1899, 1900). St rasburge'r, Allen (1905), 
and Mottier (1907) alsei feiunel the' e'hromome're to lie' ce)mposed of smaller 
ediromat ie* granules. 



A, vacuoles in {•liroiuosonios at luotaphasc in Trilh'inu. X ISIM). (Aftn' ({rcuoirc ami 
W IfUan't.s, laeia.) /i, spiral arraiiKcnuMil of chroiiiatiu material within the ehromosomos of 
Alliutn. (After /lonneirie, 1911 .) (\ I), staples of rhromosoine split fin^i in IVaJan marina, 

showing fhroinorneros. X 2250 . (After Miiller, 1912 .) 


Altheiugh a large' number e)f investigators, particularly those interesteel 
in the hereditary reMe of the chromatin, have placed much confidence in 
the importance' e)f the' chromoineres (Strasburger 1884, 1888), others 
have raiseel se'rieius e)])je'ctions to the' theory that th(\y are' significant units 
or indivieluals. Gregoire' anel Wygaerts (1908), Martins Mano (1904), 
Gre^oire (1900, 1907), Marechal (1907), Bonnevie (1908), Stomps 
(1910), Lunelegarelh (1912), Sharp (1918, 1920), and others have found 
no such definite behavior on the part of the chromatin granules in the 
dividing chromosomes studied by them, and have suggested other ex- 
planations for the appearane'cs observed. According to a modification 
of the chromornere theory adopted by Miiller (1912) the portions of the 
thread between the chromonieres split first, the division of the chromo- 
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nioros then following. It has been pointed out (Sharp 1013) that Miiller's 
figures (Fig. 54, C, 74), which arc very similar to the later ones of Stras- 
hurger (1907), may be interpreted as stc'ps in the division of a homogene- 
ous chromatic thread by the formation of vacuoles, and that the 
chromomf'res in this (‘ase are merely the cross f)i(‘ces between the halv(\s 
of the incompletely split chromosome, asd(‘scribed in t he foregoing account 
of the prophase (Fig. 53, aS). 

It is becoming increasingly apparent that the distinction between 
chromatin granules and supporting thread is not so sharp as has been 
supposed, since the chromatic substance is often very fiuid in consist- 
ency; and many have felt that the granules when presemt are fai* too 
inconstant in number and behavior to s(‘rvc as the ultimate units which 
students of heredity hope to find. On the other hand, it should be said 
that the constancy in size and position of the chromomeres described 
by Wenrich (1916) for the grasshopper, Phrynotettix (Fig. 155), argu(\s 
strongly for the hereditary significance of these l)odies, some of which 
can be seen to retain their identity through tin? revsting stages. Hut 
whatever their importance' may be, the arrangement of the chronuitic 
material in the form of a long slender thread and its accurate splitting 
into exactly similar halves are very suggestive in connection with the 
th(‘ory of Roux that many qualities are arranged in a row and all 
divided at the time of nuclear and cell division. This sul)j(‘ct will 
receive further attention in the chapters dealing with heredity. 

Summary. — The chromosomes, after having ai rived at tlu' poles of tlu' 
achromatic figure, become irregularly alveolized during the telophase' and 
form ragged net-like struedaires. These are joined to each other by fine 
anastomoses and so make up the' continuous reticulum of the resting 
stage. In the next prophase this n'ticidum bn'aks up into separate 
small nets or alveolar units, each of whiedi represents a chromosome. 
The units condense in a peculiar manner and become' long slender thi eads. 
These threads undergo a longitudinal splitting. The double threads so 
formed shorten and thicken, and l)ccom(? the double chromosomes which 
are arranged on the spindle at metaphase. The^ two halves (daughter 
chromosomes) making up each double chromosome separate and |)ass to 
oi)posite poles during the anaphase. 

The outstanding and significant feature of somatic mitosis is this: 
each chromosome is accurately divided into two exactly equal longitudinal 
halves which are distributed to the two daughter riuclei. The two daughter 
cells thus receive exactly simitar halves of the chromatin of the mother cell. 
Furthermore, as will be shown below, there is good evidence for the view 
that the chromosomes maintain an individuality of some sort, so that, 
since all the nuclei of the body arise by the repeated equational division 
of a single nucleus, all the somatic (body) cells are qualitatively similar in 
chromatin content: they contain representatives or descendants of each and 
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evi’ry chrofiiosotne present in the first cell of the series. The ^»;r('a< llioor(*t i(‘al 
iriiportaiicc' of those facts will ho apparent when wo take up the subject 
of chroniosoriio reduction, and the application of (^ytological plKMiomcna 
to the problcnis of In'rodity. 

THE INDIVIDUALITY OF THE CHROMOSOME 

In later chapters th(' question of the sip;nifieanee of the nuchair struc- 
tures in heredity is to be considered. In connection with this question 
it is of the highest importance to dcderinine whether or not the chromo- 
somes to which the reticulum giva's rise in tlu' |)ro|)hase an' in any real 
sense the same as those' which went to make up the re'ticulum at the pn'- 
ceding te'lophase. That they do pn'serve the'ir ide'iitity as individuals 
through the resting stage, arise only by division, and maintain therefore 
a genetic continuity throughout the' life cycle', was helel by van Be'iieelen 
(1883), Rabl (1885) anel Boveri (1887, 1888, 1891) many years ago, anel 
sineai that time the iele'a has receive*el the' suppe)rt e)f a lai'ge numbe'r e)f 
investigate)r8. We shall ne)w l)rietly levie'w se)me of the' evidences which 
have led the maje)rity of e*ytologists te) the' view that the' e‘hre)me)se)me*s, 
“if . . . not actually pe'rsistent inelivieiuals, as Babl anel Bove'ri have 
maintained, . . . must at le'ast be regardeel as genet ie* home)le)gues t hat 
are connecteel by se)mc definite bonel e)f indivielual ce)ntimiity fre)m gen- 
eration to generatio!! of ce'lls” (Wilse)n 1909). 

The Frequent Persistence of Visible Chromosome Limits in the 
Resting Reticulum. — In the feuegoing ele'scrii)tion of the' be'havior e)f the' 
chromosomes in mitosis it was pe)inted e)ut that in rapielly divieling tissue 
the telophasic alveolation of the chre)mose)mcs and their anastomosis te) 
form the reticulum e)ften ele) ne)t proceeel far e'ne)ugh during the' intei’phase' 
to obliterate the bounelaries be'tween the chiomosomes, which se'parate 
again in the ensuing pre)phase without having lost the'ir visible ielemtity. 
In such nuclei there can l)e little de)ubt that the autone)my of the chre)mo- 
some is preserved. In e)ther cases, he)wever, the^ tele)phasic transforma- 
tion of the chromosomes is more comple'te anel the resulting reticulum 
reacts very weakly to the stains, so that the limits of the^ ce)nstitueiit 
chromosomes disappear from vie'w ce)mpletely. Many worke'rs have 
therefore objected te) the state'ine'iit that here also the e;hre)me)somes are 
present as individuals, although invisible. Ilaeckcr (1902) and Boveri 
(1904) pe)inted out that this obje'ction may be met by assuming that it is 
the achre)matic framework of the alveolizeel chromosomes, anel not neces- 
sarily the basichromatic fluiel held within it, that maintains a structural 
independence. This view had the suppe)rt of the earlier observation 
made by Boveri (1887a, 1888a, 1891; also 1909) and confirmed by Herla 
(1893), that the chromosomes in the segmenting egg of Ascam have a 
certain arrangement when they build up the nuclear reticulum in the 
telophase and reappear from the reticulum in the same position at the 
next prophase. 
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SjK.'cial ciiipliasis was laid upon (his iii((‘i [)r(‘(a( ion by Maiochal (1901, 
1907) as a rosult of his stu(li(‘s on th(‘ j>Towlh sta^(‘ of animal ubcyt(;s. 
At this period in the ilevelopment of tin' ovum tin' (;hromosomes assume 
a finely branched form (Fig. 86, C, D) and their ordinary staining capa(;ity 
is lost completely. Althoiigli the chromatic fluid may flow from the 
reticulum to the nucleolus and vice versa, and may periodically undergo 
chemical changes which radically altt'r its staining reactions, the achro- 
matic chromosomal substratum nevertheless maintains an uninterrupted 
structural continuity. Such a transfer of tin' basichromatic materijd 
from the persistent reticulum to the nuch'olus during the telophase, and 
to th(' reticulum again during the su(‘(*e('ding pro|)has(', has also bec'ii 



Ki<i. .55, Some evidenetvs for chromosome indiN’idmilify, 

A, cliromosomal vesiele.s in Brachyntola mayna; x-chromosorm* in vesicle at riKht. 
{After Sutton, 1902.) B, chromosomal vesicles in Fundulus embryo. X c. ISOO, {After 
Richards, 1917.) (\ r-hromomere ve.sicle (c) on chromo.some of Chorthi ppus. X 1.500. 

{After Wenrlch, 1917.) I), prochromosomes in Binyuirula. X 4200. 

observed by 8trasl)urger (1907) and Berghs (1909) in the somatic nuc.h'i 
of Marsilia (Fig. 17, E). The chromosome, as Marf^chal urges, is not 
simply a mass of chromatin, but rather “a structure pc'riodically (diro- 
rnatic;’’ hence tln^ tlisafipearancc of stainable substance does not signify 
the loss of structural continuity on (he part of the chromosome. 

The “chromosomal vesicles” (Fig. 55, A, B) observed by certain 
investigators constitute valual)le evidence in this connection. In the 
spermatogonia of the grasshopper, Phrynotettix, for example, Wenrich 
1916) has shown that each of the alveolizing chromosomes forms its 
own vesicle about it at telophase, the several vesicles joining to form a 
common nucleus. In some cases the boundaries between the vesicles do 
not entirely disappear during the resting stages, and at the next prophase 
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tlu‘ (•hroiiuilic iiiMteriiil of oach vesicle organizes in (he form of a chromo- 
some. The same comlilion is fouml in (he nuclei of Fundulus (Richards 
1017), Crepidiila (Conklin 1902), and certain fish hybrids (Pinney 1918). 
From this it is evidcmt that the morphological identity of the chromo- 
soiiK's has not been lost between mitoses, although a very different type 
of oiganization has becm assumed. 

In Carex aquatilis Stout (1912) has found a peculiar condition. Hen' 
the very small sphei ical chromosomes, which maintain a serial arrange- 
ment, are visible in the resting state, and can b(^ traced continuously 
througli all stages of th(^ somatic and germ cell divisions with the excep- 
tion of synizesis. 

Th(‘ inter|)retations of Bonn('vi(' (1908, 1911) and Dehorne (1911), 
according to whom th(' chromosoim's pc'isist Ihrough the resting stage as 
s[)irals or double spirals, have be('n mentioned in the description of 
mitosis. 

Prochromosomes. — Bodies known as prochromosomes have b('(‘n 
d('scrib('d in the nuclei of a number of plants: in Thalictriini, Calycantlius, 
Campanula, TIcdleborus, Podophyllum, and Richardia by Overton (1905, 
1909); in the Chiicih'rje by Laibach (1907); in Droscra and other forms by 
Rosenberg (1909); in Acer plaianoidei^ by Darling (1914); in Musa by 
Tis(4iler (1910) ; and in a number of other forms. These prochromosomes 
ai)pear as small chromatic masses in tin* reticulum (Fig. 55, D), and 
correspond approximat('ly in numlx'r to the chromosomes of the speci(\s. 
Th(\y are geiu'rally looked upon as portions of chromosoiiK^s whi(‘h havt^ 
not undergone complete alveolation, and as centers about which the 
chromosomes again condense at the next prophase. This interpretation is 
in all probability a valid one in many of the d(*scribed cases, but in others 
th(^ significances of such chromatic; masses is questionable'. In Crepis 
virens de Smet (1914), in harmony with the conclusions of Miss Digby 
(1914), finds them to be accumulations of material formed during the 
resting stages. If such is the case' they are to be regarded as karyosomes. 

Persistence of Parental Chromosome Groups After Fertilization. — In 
Chapter XII it will be shown that at fertilization there are brought 
together two sests of chromosomes, one; set from each parent; anel that in 
every nucleus of the resulting indivielual the chromosomes furnished by 
the two parents are present together, all of them elividing at every mitosis. 
When the chromosomes of the male parent are similar to those of the 
female parent it is usually impossible to distinguish them in the nuclei 
of the offspring. In a number of cases, however, such as Crepidula 
(Conklin 1897, 1901), Cyclops (Ihecker 1895; lluckert 1895), and Crypto- 
branchus (Smith 1919) (Fig. 109), the two parental groups are distinguish- 
!d)le‘ on the mitotic spinelle', anel ofte'ii at other stages, through several 
embryonal cell generations. It is in hybrids that this phenomcne)n is 
shown most strikingly. In hybrid fishes obtained by e.*rossing Fundulus 
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with Menidia Md'iikhaus (1904) was able to distinguish easily bet woon 
t he long (2.18 g) chromosomes of Fundulus and the short (1 fx) ones of 
Menidia. Here, as in Crepidula and Cyclops, the paternal and maternal 
chromosomes form separate groups in the mitotic figure. A similar 
condition was seen by Tennent (1912) in hybrid echinoderms obtained by 
crossing in various ways Moira, Toxopneustes, and Arbacia. In the 
later cell-divisions the parental chromosomes mingle more or less, but arc 
nevertheless distinguishable. In Fundulus X Ctenolahr us hyhridfi (Morris 
1914; Richards I91(i), as w(‘ll as in the normally fertilized Cryptobranchus 
(Smith 1919), the chromatin contributions of the two parents are dis- 
tinguishable even in the resting nuclei. 

Size and Shape of Chromosomes.- ( )ne of the most striking evidences 
favoring the theory of individuality has been found in those plants and 
animals which show constant differences in size and shape among th(' 
various members of each parental (‘hromosonu' group, so that particular 
chromosomes are recognizable in tlu' grouj) appearing at each mitosis. 
Since 'each parent furnishes a set of chromosomes to the new individual, 
each kind of chromosonu' is pr(\sent in duplicate in the nuclei of this indi- 
vidual: it is therefon' customary to sf)(*ak of them as being present in 
pairs, although at most stag(‘s of the lih* history there is ordinarily no 
actual spatial pairing. 

Since the (h'seription of tin; (‘hromosouK's of Brachysiola by Sutton in 
1902 (Fig. 101) th(^ report(‘d ca.s('s in which the diffenmt pairs of the 
chromosome comphunent possess diff(‘r(*nt characteristic sizes and shapes 
have becoMK' increasingly numerous. This is notably true of insect 
(cytology, as is evident in a review of the (‘xt<'nsiv(^ researches of McCUung 
(1905, 1914, 1917), Robertson (1910), Harman (1915), Carothers (1917), 
and many others. In the sea urchin. Echinus, Baltzer (1909) found that 
the 36 chromosoriK's hav(^ constant differi'iHjes in length and shape, 
some being hooked and some horseshoe-shaped. In the flatworm, 
Gyrodactylus, (CJille 1914) there are six pairs, all different in length. In 
Anibystorna tiyrinum Parmenter (1919) finds 14 pairs of graded sizes. 
In plants may b(i cited the cases of Crepis virens (Rosenberg 1909; de 
Smet 1914; M. Nawaschiri 1915) (Fig. 50 bis, A), which has three pairs of 
diff(*r(*nt size; Vicia faba (Sharp 1914; Sakamura 1915), with five short 
I)airs and one long pair (Fig. 50); and Najas (Tschernoyarow 1914), in 
which th(u-e an; seven distiriguishable pairs (Fig. 50 bis, B). In Najas 
the smallest pair is attachcal to one of the larger pairs: Sakamura (1920) 
thinks that these together are r(‘ally a single pair with pronounced 
constrictions. 

Not only may certain chromosomes be distinguished on the basis of 
comparative length, but in some cases there may be other characteristics 
which serve as marks of identification. In the chromosomes of many 
plants and animals there are pronounced constrictions in some of the 
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Fhj. ")fi. Tiu* ( fMomosoriio compIciiuMil iif V icia faha. 

A, li, two .succossivo softious of a mitotic fiKuri* in the root ti[), showing toK(‘ther th(‘ 
12 si)lit chromosomes, 2 of them about twice as Ioii« as the other 10. (\ cross section of 

tlie irroiip of chromosomes at anaphase; (^•lch of the loriK chromosomes, Ixn’ii*? drawn pole- 
wards by the iniddle, shows both ends, making the iiumlier apparently 14. J), E, two 

sueeessive .sections of a heterotypic figure in the microsporocyte. sliowiuK the 0 bivalents; 
tlio laiKe one is at the left. E, polar view' of heterotypic ndtosis at metaphase, showing the 
ti bivalents, X 1400. {Original.) 



Fio. 56 bia. 


A, anaphase of somatic mitosis in Crepis vireyia, showing 2 long, 2 medium sized and 2 
diort chromosomes pas.sing to each pole. (After Rosenberg, 1920.) R, the chromosome 
complement in a somatic cell of Najas major, showing the 7 homologous pairs. (After 
Vsehernoyarow, 1914.) 
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nieiiibers of the f!;roup. It has been sliown in certain instances that these; 
constrictions have constant positions in the chroinosoriK'. A careful 
study of this phenomenon has been made l)y Hakamura (19.15, 1920). 
In Viciafaha, for examt)l(' he finds that (;ach of the two long chromosom(‘s 
(“ M-chromosonies of the somatic group has two constant constrictions, 
one at the middle and one near the end (“m-constriction and “e-con- 
striction”) (Fig. 50, A). The m-constriction marks the point of atta(;h- 
nient of the spindle fibers. There are also end-constrictions in 8 of the 10 
short chromosomes. On the l)asis of the widespread occurrence of con- 
strictions in the chromosomes of both plants and animals Sakamura has 
interpret{‘d a number of puzzling plumomena, such as tin; apparmit vari- 
ation in chromosome number within the specie's (see; be‘le)w) anel certain 
fe'atures of the redue'tion proce'ss (Chapter XI) 

»Such regularly situateal e*onstrictie)ns have' also been eleme)nstrale;el in 
FritiUaria tenella by S. Nawaschin (1914). Here' the'y are present at the' 
middle of the largest chrennosomes, nearer one enel in the; medium-size'd 
chromosomes, anel close te) the enel of the smallest ones. In Crepi^ virem 
(M. Nawaschin 1915) there are constrictions near one enel in two e)f the' 
tin •ee chrome)somos e3f the haploiel gre)up in the; pollen grain, in fe)ur of the 
six chromosomes of the eliploid group in the somatie' e*ells, anel in six of 
the nine chromosome's e)f the triploiel group in the enelosperm cells. Such 
a elefinitcncss in the locatie)n e)f constrictions was also se'en earlier by .4gar 
(1012) in the chromosomes of the fish, Lepidosiren. 

Homenvhat similar evielene.;e has benm brought forwarel by VVonrie'h 
(lOlfi), who finds that the chre)matic lumps, or chrome)me're's, have; a 
striking constane;y in position as well as in size in the chre)mejse)mes of 
Phrynoteltix (Fig. 155). Wcnrich (1917) also repe)rts that the small 
“chromornere vesicles” attacheel te) the chre)mosomes of certain orthop- 
tcrans always appear at definite points along the chromosome; (Fig. 55 C). 

It therefore appears that the chromosomes of a given group or cornple'- 
ment ne)t only maintain a genetie; continuity from e;ell te) cell, but are also 
in some way cpialitatively different from one anothe'r. They are con.se- 
epiently said to have a .specificity as well as an individuality, or continuity. 
The relatively constant positions of the constrictions, chromatic lumps, 
and chromome're ve'sie'l(;s afford further visible; e;viel('nces that the e*hrom- 
e).some may possess some kinel of lengthwise elifferentiatie)n, a fae;t which, 
if clearly elemonstrated, would be of the highest importance in connection 
with current views of the role of the chromosomes in heredity. (See 
(Jhapter XVII.) The; significance of chromosome constrictions in this 
respect has been emphasized by Janssens (1909), S. Nawaschin (1915), 
and Sakamura (1920). 

Chromosome Number.* It was long a.ge> notice'el by He)veri van 

‘For lists of e;hrorn(Jsonie; nuiribe*rs in plants se'e' Ishikawa (HlKp and 'ri.schl(‘r 
(11)10). Fe)r tlio nnmbe;rs in animals .s<*e; Harvejy (1010, 1020). 
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Beiicden, and Strasbur^or that the luiinber of ehroinosoincs in an}^ given 
species is relatively constant. It was largely upon this fact that the 
theory of chromosome individuality was originally based: the fact tliat 
the number of chromosomes appearing at every mitosis is almost invari- 
ably the same was taken to mean that the structural identity of tlu' 
chromosomes is never lost. Certain observers (Fick 1905, 1909) liavt' 
held that the apparent constancy in numl)er is not due to a structural 
continuity or individuality of any sort, but rather to the fact that tlu', 
successive nuclei have a relatively uniform amount of nuclear material, 
the chromosomes ^‘(u-ystallizing out'' of this material in each prophase 
and going into solution at the close of mitosis. This idea was especially 
developed by Della Valle (1909, 1912a6), who described the formation 
of chromosomes by the aggregation of fluid crystals during the prophase. 
These chromosomes he held to l)e in no sense morphologically continuous 
individuals, but only temporary chromatic accumulations which are in- 
constant in number and lose their identity in the telophase. Della Valle's 
interpretation of chromosome formation has been criticized by a number 
of writers and his position shown to be untenable by Montgomery (1910), 
McClung (1917), and Parmenter (1919). 

Some of the experiments on echinoderm eggs with which Boveri (1895, 
1902, 1903, 19046, 1905, 1907) and others supported the theory of chromo- 
some individuality may be briefly reviewed. 

Boveri found that if the number of chromosomes is increased or d('- 
creased by artificial means the altered number a|)p(‘ars at every mitosis 
thereafter, (a) An enucleate egg fragment may be entered l)y a spe^rma- 
tozoon, and may then develop into a larva with half the normal number 
of chromosomes in every cell. (6) In another experiment the unfertilized 
egg of a sea urchin was caused to undergo division by artificial means, 
after which a spermatozoon was allowed to enter one of the blastomeres 
(daughter cells). A larva resulted in which one-half of the cells had regu- 
larly 18 chromosomes (half the normal number) while the other half had 
the normal 36. (c) Two spermatozoa occasionally fertilized one egg: 

the cells of the resulting larvte had 54 chromosomes, the triploid number. 
Abnornkal mitotic figures were often formed in such dispermic eggs, 
bringing about an irregular distril)ution of the chromosoiiKis. For ex- 
ample, a quadripolar spindle was produced, separating the 54 split chromo- 
somes (108 daughter chromosomes) into four groups, with 18, 22, 32, and 
36 chromosomes respectively (Fig. 127 bis). The resulting abnormal 
larva (“pluteus") showed these four chromosome numbers in the cells 
of four different regions of its body.. Boveri (1914) later suggested that 
malignant tumors might be due to such abnormal chromosome distri- 
bution. (d) The number of chromosomes was doubhal by shaking tlie. 
eggs while the chromosomes were split during the early stages of ci‘ll- 
division. In this manner larvie w(’ie produced with 72 chromosomes, th(^ 
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tot raploid nuinber, in all of their cells, (e) In the threadwonn, yl.scar/.s 
megalocephalay fertilization of an ('gg of the variety bivdlens (two chromo- 
somes) by a spermatozoon of the varicdy utiivalen.s (one chromosome) 
resulted in a larva with three chromosomes in all its cells, the chromosome 
contributed l)y the male parent being distinguishable from the other two 
(Boveri 1888a; Herla 1893; Zoja 1895). 

Results such as the abov(' led Bov(‘ri to the corudusion that tlu' numl)(*r 
of chromosomes arising from the reticulum in prophase is directly and 
exclusively dependent upon the number that went to make it up in the 
preceding telophase. If a nucleus is reconstructed in the ttdophase by an 
abnormal numl)(*r of chromovsomes as th(' n^sult of a disturbance of th(‘ 
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I-’kj, 57. 'riu* cliroinosomo foniplfMntMit of //i.sjH roO ((i.r ririftis. 

A, the 12 fliroino.soiuos of the spcrnuitocy to, inoludiiiK tlio jiooossory t'liroiuo- 

hoino (No. 4 .) If, (roinplotiioiit from aiiof.hor iti<iivi(lua], showitij^ two “multiple chromo- 
.somos.” Nos. 11 and 12 have unito<I temporarily, a.s have al.so Nos. 4 and W. X ISOO. 
(Aftrr McClunu, 1017.) 


mitotic process, the altered numbtu- invariably appears in the succeeding 
prophastx if extra chromosomes arc present they are not eliminated in 
any way during the resting stages, and if chromosomes have l^Cen lost 
during abnormal mitosis th(*y are not replaced. These conclusions have 
been strikingly confirmed by Sakamura’s (1920) work on cells subjected 
to th(i influence of chloral hydrate and other agencies causing aberrant 
chromosome behavior. 

Variations in Number . — Although the number of chromosomes in ti 
given species is on the whole remarkably constant, departures from nor- 
mal numbers are occasionally observed. Strasburger (1905) believed 
that the number, though determined by heredity, is not so rigidly fixial 
that all variation in the vegetative cells is excluded; only in the reproduc- 
tive cells did he hold constancy in number to be necessary. Much light 
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bus been rocoritly thrown upon such apparent variations in nuinber by 
McClun^ (1917) and Miss Holt (1917) in their resc'arclu's on inultiph^ 
ehroinosonies and chroniosoine complexes. 

McClung finds in his analysis of the chromosome groups of the 
orthopterans HcHperotettix and Menniria that temporary associations 
often 0 (;cur Ixd ween various members of a group, with the resulting forma- 
tion of “multiple chromosomes” and a consecpient decrease in tlu* appar- 
ent number. In Ilesperotetlix, for instance, the cells normally have 12 
pairs of chromosomes, but l)ecause of the formation of su(;h multiple 
(*hromosom(‘s individuals with apparently 11, 10, or 9 pairs are frequent ly 
found (Fig. 57). For a given individual the number so formed is exactly 
constant, since the members of a multiple remain together ip all the cells 
of the body; but for the spc'cies it is variable within certain limits, owing 
10 the varying numbers of chromosomes which may become involved in 
such multiple combinations. In all cases the full number of chromosonu' 
pairs is present, l)ut some of them are so combined that there is an ai)par- 
ent, though not a(*tual, variation in tin* number. A similar condition is 
found in other forms by Robcu tson (191(3). 

In Culex there are three pairs of chromosomes in the somatic cells. 
During a certain stage in the insect’s metamorphosis it has been shown 
by Miss Holt (1917) that the chromosomes may split repeatedly, giving 
cells with much larger nund)ers— up to 72 in some cases. These larger 
numbers, however, are nearly always multiples of three, indicating that 
the subdivision of the chromosomes is an orderly process. The daughtx'r 
chromosomes, moi-eover, (liat are formed by the subdivision of each of 
the original six, remain more or less closely associated as a “midtiplc 
complex,” which behaves as a single individual in mitosis. It therefore 
appears that the three f)airs of chromosomes “are made up of quite 
distinct individuals differing from each other to such a d(‘gree that 
chromatin split from one cannot associate itself with that from another 
pair. . . . Chromosome individuality, alone, can account for these 
conditions.” 

Somewhat similar evidence has been brought forward by Hance (1917, 
1918a7). Hance finds that the chromosome number in the spc'rmatogo- 
nia of the pig is regularly 40, whereas in the somatic cells it varies from 
40 to 57. Similarly in (Enothera scinfiUans, which has 15 chromosomes 
in its mi(;rosp()rocytes, there may be from 15 to 21 chromosomes in the 
somatic cells. Measurements of the members of the various chrornosoiiK^ 
groups show that the larger numbers are due to a fragmentation, prob- 
ably of the larger chromosomes, in the somatic cells. Such fragments 
divide normally, and it ap|)cars probable that the fragments of a single 
original chromosonui are held together by colorless portions and behave 
as a unit, much as do the multiple complexes of Culex. 

Sakamura (1920) believes that the chief reason for frequently reported 
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inconstancies in chromosome number is to be found in the chromosome 
constrictions, which under certain conditions become especially pro- 
nounced and temporarily divide one or more of the chromosomes of the 
Kroup into loosely connected smaller parts. This siij>:j>;estion, which 
Sakamura supports with much direct evidence, is probably one of the 
most fruitful which has been made in this connection. 

The theory of chromosome individuality is believed ])y McClung 
and Hance to be strenjiithened, rather than weakened, by such instance's 
of numerical variation as those described above. McClung emphasizes 
the point that the composition of a given chromosome can be fully under- 
stood only if something is known of its genetic history, for what appeals 
as a chromosome may often bo either an aggrc'gation of two or three 
chromosomes, or, on the other hand, only a portion of the true chromo- 
some individual. How widely this interpretation may be applicable to 
other reported casi's of numerical variation and to chromosome structure 
in general cannot at present be stated, but it promises to h'ad to signifi- 
cant results. 

Discussion and Conclusions. The author’s vienvs on the subject of 
the individuality of the chromosomes can lie most effectively stated in 
the words of McClung (1917): 

'C . . tlie practical matter hcforc us is to decide; wlu'tlu'r the metapliase chromo- 
somes of two cells are individually identical organic* members of a series because' 
they were produced by the observed reproeluedion of a similar series of the parent 
(*ell, or whether the resemblance is independent of this ge'iie'tic relation and due' to 
chance assoe*iation of inditYerent materials, or to a reconstituting action of the cell 
as a whole.” 

‘Tf it were possible for chromosomes to reproduce themselves and still ])re- 
se'rve their ])hysie'al configuration unchanged, thc're; would probably be little 
(pieistion of their continuity and individuality the demonstration would be self- 
evident. But it happens that the necessities of the case require that each newly 
produced chromosome should take part in the formation of a new nucleus, through 
whfjse activities the cell as a whole and each chromosome, individually, is enabled 
to restore the; volume diminishe'd by the act of division. During this process the 
outlines of the chromosome's l)e'come materially changed and in their extreme 
diffusion can no longer be trae*eel in many cases. Bec;ause of e)ur limitations in 
observational power they appear te) 1/e lost as .separate inelivieluals and we are' 
thus deprived of the simple; test eif e>l).serveel continuity. T/ater, in the same cell, 
there reappears a series e)f chromosomes .severally like tho.se which seemed to 
disappear during the perioel of metahe)lic activity. Wo confront two alternative 
explanations for this reintegration of the chromosomes; either they ‘ actually 
j)ersist as discrete units of extremely variable form, or they are entirely lost as 
individual entities and are reconstituted by .some extriirsic agen(;y. There is no 
other possible ex[)lanation and w(; must weigh the facts for om; or the other of the 
alternatives. 

All the facts which indicate order and system in chromosome features sj)eak 
/or the former, those which demonstrate variability and indefinitene.ss, for the 
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The i‘as(‘ for discontinuit y is strongest in the abscnice of any ehroiiHjsome 
order, and bi'comes j)rogrossivoly weaker witii the (‘stablishnient of (hdiniteness 
and ])re(*ision in form and I)ehavior.” 

‘bSo far as T can see tliere is no lialf way jj;roiind Ix'tween the assum[)t ion that 
the chromosomes are definiU^, self-per|)(‘tuatins organic structures and the other 
which presents them as mere incidental products of cellular action. According 
to one view individual chromosomes are descendents of like elements and possess 
certain qualities and l)ehavior because of their material descent, the visible 
mechanism for which is the process of mitosis: according to the other any similari- 
ties that may exist in the complexes are the result of chance aggregations of non- 
s))ecific materials. It is a choice between orgjuuzation and non-organization in 
th(^ last anal3^sis, at least in terms of cc'llular structures. To attempt the sub- 
stitution of a conception of moh'cidar organization, which is beyond the ex- 
perience of the biologist and which exceeds the present powers of the chemist to 
analyse, is to cast aside all ho})e of solving the j)roblem of cellular action, because 
it is necessary to understand, not oidy the })hysical and chemical phenomena 
involved, but also their different forms in the various ])arts of the cell.'’ 

“That the chromosomes do not maintain a compact and easily recognizable 
form in the interval between mitoses is accepted by many . . . biologists as proof 
that they no longer exist as entitu^s. All the other manifold indications of char- 
acter and continuity do not weigh against this apparent loss of identity. Doubt- 
less it would be more satisfying if we could at all times perceive the chromosomes 
in unchanging form in all stages of c(‘llular activity, but why we should demand 
this condition as a test of individuality in the chromosomes when we unhesitat- 
ingly admit the unity of tlu; organism in all the varied changes of its develop- 
ment from a singh^ cell, through such (a)m|)lexities of change and metamorphosis 
as to give rise to doubts of even the phyletic position of some stages, it is difficult 
to see. Being organic, the chromosomes must change their form, they must suffer 
division of their substance and they arc obliged to restore this loss through meta- 
bolic changes. Since these changes of substance take pla(!e at surface contacts 
there is an obvious advantage in increased superfici(\s and, in common with other, 
larger structural elements, the (chromosomes become extended and their sub- 
stances are diffused. In this state their boundaries may not be well defined and 
this circumstance has been seized upon as a disproof of their continuity.” 

“Since it is not possible to observe directly the action of the chromosome we 
are obliged to make use of indirect evidence, -seeking parallels between elements 
of structure and action in the chromosomes, and the mass effect of cellular action 
as exhibited in the so-called body characters. Such a method is justified by all 
other experience in tracing relations between structure and function in organisms, 
and while it apparently resolves the organism into parts of greater or less in- 
dependence, has given us our best conceptions of it as a whole.” 

“What is postulated ... is that the chromosomes are self-perpetuating 
entities with individual peculiarities of form and function to identify them. 
Characteristics of form and behavior we see; certain very definite parallels be- 
tween these and the manifestations of somatic characters exist beyond question ; 
provision for the pej*petuation of the organic unity of the individual chromosomes 
is found in the proedtes of mitosis; the actual direct result of its operation appears 
in the uniform conditions of the complex in the individual animal; the extension 
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of this beyond the organism to the group and the means for it in the phenomena 
of maturation and fertilization arc easily established by observation; the age 
old existence of all these eireumstances is revealed by the near appnjach to 
uniformity in the chromosome complex of the multitude of spe(*ies of unnumbered 
individuals constituting a family. And yet, in the face of this overwhelming 
mass of evidence indicative of order, system and specific chromosome organiza- 
tion, some conceive only the action of ordinary chemical forces, or the chance 
association of indifferent substances, while others, ov(*r impressed with the 
thought of a general coordinating force in the organism, deny significance to tlu^ 
orderly play of its cellular parts. 

“It is my belief that the observed act of reproduction, by which the organiza- 
tion of the chromosomes is materially transmitted in each mitosis, together 
with all facts indicating extemsive distribution of given conditions, definiteness 
of organization, uniformity of behavior and consistence of deviation from the 
norniid, are so man}^ clear indications of the individual character of tlie chromo- 
somes. Transmutation of form, even to an extrcmie degree', can not be held as a 
valid {irgumeut against a persistent individuality. A con.sideration of the; criteria 
applied to larger organic aggregates well supports this view. Such objt'cts are 
.said to possess individuality when they exhibit a more' or le.ss definite unity which 
is ixirsistent and characterized l)y pe'cadiarities of form and function. Most 
clearly defined is this tndividuality when it may be per])etuated through some 
form of reproduction to find expression in new units of similar character. Tin* 
term does not connote unchangeability, and there may be fusions with more or 
less loss of physical delimitations, followed by separation, even after exchange 
of substances. The test of indiimliinlily is material continuitij, but it does not 
necessarily involve complete or entirely persistent contiguity d An organism may 
bud off new individuals similar to itself, tlie substance of its body differs from 
time to time, movements of parts take jilace, fragmentation occurs, extrenu' 
attenuation or extension of sulistance is found, even separation and recombina- 
tion of parts may liappcn and yet the individual maintains itself. What it may 
liave been in tin; past, what its po.ssibilities of future develojmient are, what 
potentialities of multiplic'd individuality it suppresses do not affect the reality of 
its individuality. It is, as Huxley .says, a single thing of a given kind.’ If 
one such thing divides into two, there are two individuals; if two unite into oiui 
indistinguishably there is a single individual; if a fu.sion of two things occurs in 
part, without loss of physical configuration, there are still two individuals in 
existence. Only when the substance of one thing disappears or becomes in- 
corporated integrally into the organization of another does its individuality 
depart. 

If all the.se variations of physical state may occur in the history of an organism 
without sacrifice of individuality, there can be no reason for urging them against 
a conception of the individuality of the self-perpetuating chromosomes.” 
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THE ACHROMATIC FIGURE, CYTOKINESIS, AND THE CELL 

WALL 

THE ACHROMATIC FIGURE 

The spiiull(^ fibc'rs and asters about tiu' (‘(Mitrosoines (when tlu'so arc; 
present) are collect ively termed the achromatic Jig arc, in contradistiind ion 
to the chromatic Jigure, or chromosomes. Comparc'd with the chromo- 
somes the achromatic fijziure is relatively litth' nndc'rstood, which makes 
it a very unsatisfactory subject for discussion. W(‘ shall first d('scrib(‘ 
the achromatic figure in its mor(‘ common forms, and aftc'r numtioning 
certain theories which have bc'en pro])ounded to (‘xjdain its origin and 
nature we shall briefly review a fc'w of the* suggc'stions which have beem 
made on the subject of the mechanism of mitosis. 

In Higher Plants. In somatic mitosis in higher plants the achromatic 
figure is devoid of c('ntrosomes and asters. Ordinarily it arises and be- 
haves as follows: While the prophasic chang(‘s arc; taking placa; within 
the nucleus the first indications of spindle formation appear in the c;yto- 
plasm in the immediate vicinity of the' nucleus. At the two side's of the 
latter, in the general position of the future si)inclle poles, thc're are de- 
veloped two masses of more' or less hyaline material, usually called ‘^kino- 
plasmic caps.’’ In these two polar caps delicate fibrils soon appear, as 
if by a process oi condensation (Fig. 58, A, B). The nuclc'us commonly 
shrinks at this time, while the fibrous areas incrc'ase in size; and together 
form a more definitely spindle-shapc'd figure. After the nuedear mem- 
brane has shrunken more closely about the c-hromosomes it goes into 
solution and the ingrowing fibers attach thc‘msetvc;s to the longitudinally 
split chromosomes. In many case's the' membrane di.sappears without- 
shrinking, the fibers growing considerably in k'ligth to reach t he chromo- 
somes. The latter quickly become regularly arranged in the; equatorial 
plane preparatory to their separation (Chapter VIII). The mitotic 
figure is now established (Fig. 48). The many fibers composing the 
spindle may focus at a single sharp point at each pole, or they may end 
indefinitely without converging to a point, forming in the latter case a 
broad-poled figure which in (‘xtrcunc cases may be as wide at the poles 
as at the equator (Fig. 74, D). Some of the fibers extend fi*om the pol(;s 
to the chromosomes, to which th(;y arc attached, while others pass 
through from one pole to the other without being so attached: thc'sc' 
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two sets of fibers arc known respectively as inanile fibers aiul connecling 
fibers. The latter are also collectively termcKl the central spindle. 

It is during the anaphases and telophases that the connecting fibers 
become most evident; in mitotic figures with many chromosomes it may 
be impossible to sec them at metaphasc. At the beginning of the tidii- 
phase they may form a bundle no greater in diameter than the daughter 
chromosome groups, but as the daughter nuclei reorganize the fibers 
commonly bend outward at the middle, forming a barrel-shaped pliran- 
moplast (Fig. 58, C) which in plants usually continues to widen by the 

addition of new fibers until it comes in contact with the lateral walls of 
the cell. 




I* 1(1. 5<S. 

'‘'.'liffriviUiaU. in kinoplasmia ,.a|« at poles of poelcus io , V, 
hum. eXfUr Yamanuiichi. IPOS.) H, .sairie in .XInruilia. (.‘X/ltr Uni/hs, 1000.) C I) 
nhase'"/)' •■ouwciiw Hlior.s twtweon flaimhtor mielei at telo- 

a ^r li, ; “t-I^yinK on fiOers. Ji, the eontinne.l extension of tlie .■oil wall 

1 ’ "r '’V'"''’,””' of I’hmo^tciia virainiana. X 21 ,5. (A/Irr 

, C- ,, o’- development in mierosporocyte of Acr 

.Vegundo. X 1125. (After Taylor, l‘)2().) 


While the above changes arc occurring the new cell wall which is to 
be formed between the (laughter nuclei begins to differentiate. As the 
central spindle widens the fibers become fainter near the nuclei and more 
prominent at the equatorial region: this appearance seems to be due to 
the flow of the material composing the fibers toward the latter region. 
On the thickened fibers there now appear small swellings (Fig. 58, D) 
which increase in size until thc^y fus(i to form a continuous plate across 
the equator of the mother cell, thus dividing the latter into two daughter 
cells. As this cell plate undergoes further changes (see p. 190) the fibers 
disappear completely, first near the two nuclei and ultimately at the 
equatorial region near the new wall. If the cell undergoing division 
is very broad it often happens that wall formation begins near the center 
of the phragmoplast while the latter is still extending laterally. In 
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oxtroine cases wall foiinatioa may still be seen in propiress at the periphei’V 
after the fibers hav(' completely disappeared at tiu' central re^;ion (Fij;. 
58, E). Such is notably the case in the tangential divisions of elongated 
cambium cells (J5ailey 1919, 1920). 

The spindle in many cases has an origin somewhat ditTerent from that 
described above. The first indication of its differentiation is hen' the 
appearance of a weft of fine fibrils in the cytoplasm all around the nucleus 
(Fig. 84, K). .\s these fibrils increase in size and number they may 

form several distinct groups extending in various directions, thus giving 
a multipolar spindle (Fig. 58, F). Some of the groups then gradually 
disappear, while othei-s alter their |)ositions and coalesce, so that a l)ipolar 
spindle eventually results. This, in general, is the manner in which the 
spindle arises in the microsporocytes of angiosperms. For example, 
Lawson (1898, 1900, 1908) finds that in Coheva, (iladiolus, and Iris a 
zone of granulai' ‘^perikaryoplasm ” collects about the nucleus during 
the prophases of mitosis. When the nuclear membrane dissolves, this 
substance tog('th('r with th(' linin of th(‘ nucleus forms a fibrous network 
which grows out inlo sev'cral cones of fibers, and these later become 
arranged in t wo opposed groups. 

In Animals. — In the majority of animal c<'lls, and in certain cells of 
lowei’ plants also, the a(*hi*omatic figure is a mu(*h more elaborate struc- 
ture than that of th(' higher plants described above. This is due to the 
j)resence of centrosoiiK's, which with their astc'rs are v(‘ry conspicuous at 
the time of mitosis. Commonly the aster is not present during th(‘ resting 
stages of the c('ll, but casi's are known in which both c('ntrosoni(i and 
aster are visible, forming with other matc'rials an “attraction sphere in 
the cytoplasm. As the process of mitosis begins (Fig. 59), an aster, if 
not already [)resent, d(‘V('lo|)s about the* centrosome. The centrosoim^ 
divides, and as the daughter centrosona's move apart each is sec'ii to b(^ 
surrounded by its own aster, and a small group of fibers (“central spin- 
dle’’) extends between them. The achromatic figure, made up of the 
asters and the spindle connecting them, is known both at this stage and 
later as tla^ amphiaster. As the daughter c(*ntrosomes continue to sepa- 
rate th('. astral rays increase in |)romin(*nce. Some of the rays grow into 
the nucleus when its iiK'nibrane disappears and become attacdic'd as 
mantle fibers to the chromosomes, while the lengthening central spindle 
between the asters becomes the central spindle portion (connecting fib(U-s) 
of the completed mitotic figure (Fig. 49). All the fibers focus upon the 
centrosomes. 

During the anaphase the asters remain very conspicuous, but as the 
telophases progress they gradually fade from view, except in those forms 
which have a more or less [)ermanent attraction sphere. Aside from the 
presence of centrosomes and asters the achromatic figure in animal cells 
differs most conspicuously from that of higher plant cells in its behavior 
12 



.59.— Mitosis in spornnitocyto of Salamandra. 

/, i)ro])liaso, (‘ontrosornes in asfrrosphoie substance; latter spread out on nucleus. If, 
l»iophase; bivalent cliroinosoines formed; centro.somes beginning to diverge; central spin- 
dle and asters developed. Ill, late i)rophaso: nuclear inenibrane dis.solved; spindle 
ibers attaching to chromosomes, centrosome.s moving apart. IV, anaphase; connecting 
fibers prominent. V, telophase: constriction of cell nearly .•omplete; mid-body forming 
on central spindle or interzonal fibers. (Aftn' .V/crc.v, 1907 ) 



bO. Klnboratc achromatic figure in oocyte of ]*lsvlnln. X 1000. 
(A/frr .1 iirurnKvn , 10b‘i.) 
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during the telophases. Instead of forming thickenings which become an 
equatorial cell plate, the connc'cting fibers play relatively littl(‘ part in 
cytokinesis. One or more granules may be differentiated on the fibers 
at the ecpiatorial region, forming the so-called ‘‘mid-body,” but the 
actual division of the cell is brought about by the development of a 
cleavage furrow, as will be described in the section on cytokinesis. 

Intranuclear Figures. — In the above described cases of mitosis in 
plants and animals the achromatic figure is derived maiidy from the cyto- 
plasmic region of the cell, th<' nuclear materials playing a relatively 
minor part. In a number of torins, both among animals aiul plants (fungi, 
for example), the spindh' arises entin'ly in th(' nuclear region, forming 
an intranuclear figure which may be compic'tely established before the 
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.1, H, anaphase and telophase of mitosis in useus of Lahoulhrnia chwttfphorn, X 
{Aftvr FanU, 1012.) iSre aUo F'm. 22.) C, intranuclear mitolie hKure in ooKf»nitini of 
Fuciis. (After Yamanouchi, 1000.) 

nuclear membrane disajipears. Cases are known in which the centro- 
somes themselves are also intranuclear, but usually these bodies lie in 
the cytoplasm against the nuclear membrane, .so that although the spindh' 
portion of the figure is within the nucleus the asters lie in the cytoplasm. 

In the division of the nucleus in the ascus of an as.comycete,^ to take 
a single example, th(‘ process is as follows (Figs. 22; 61 A, B)\ The 
centrosome, which in ascoinycetes is often discoid in shape, lies against 
the nuclear membrane. As initnsis begins an aster develops in the cyto- 
plasm about the centrosome, and the latter divides to form two daughter 
centrosomes. The central spindle, if formed at all, does not persist. 
From each of the daughter ccntro.somes, which begin to move apart 
along the nuclear membrane, a group of fibers extends into the nucleus 
where the chromo.somcs arc being formed from the reticulum. The 
centrosomes finally reach opposite sides of the nucleus, and their two 

‘ For references to the literature of mitosis in aseomycetes see page 290. 
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groups of fibers become arranged in the form of a sharp poled spindle 
extending through the nucleus with the chromosomes at the equator. 
The nuclear membrane commonly remains intact until the chromosomes 
approach the poles at anaphase; it then disappears, allowing th(^ 
nucleolus, which has remained unchanged, to escape into the cytoplasm 
nearby. Between the two densely packed daughter chromosome groups 
there extends a long strand of chromatic material: this soon disappears 
and the two daughter chromosome groups reorganize two daughter 
nuclei not separated by a wall. In those cases in which the division of the 
fungus nucleus is followed by the development of a separating wall the 
latter is formed by a cleavage furrow independently of the achromatic 
figure. 

Origin of the Figure. — Having before us the above examples of the 
achromatic figure, we may now refer very briefly to some of the idc'as 
which have been advanced regarding the details of its origin in the cell.^ 

Early observers looked upon the whole mitotic figure— chromosomes, 
spindle, and all — as a transformed nucleus, all the structures being formed 
from the nuclear material at each mitosis. Strasburger, who first held 
this view, later (1888), with Hermann (1891), believed the spindle to arise 
wholly from the cytoplasm, whereas O. Hertwig pointed out cases in 
which the astral rays arise from the cytoplasm and the spindle from the 
linin reticulum of the nucleus. Flemming (1891) derived the fibers from 
the linin and the nuclear membrane. It soon Ix'came evident that th(^ 
spindle, although in some cases arising entirely within the nuchms or 
wholly from the cytoplasm, is commonly made up of materials derived 
from both regions, as is evident from the examples described in the fore- 
going paragraphs. 

When van Beneden and Boveri announced their view that the centro- 
some is a permanent cell organ, transmitted by division to daughter c(*lls 
and directly concerned in the formation of the asters, the theory was 
adopted that the figure arises from the cytoplasm as a result of the 
influence of the centrosome. The centrosome therefore came to be 
known as ''the dynamic center of the cell.” Although this organ does 
play a conspicuous role when present, its importance in connection with 
the achromatic figure was somewhat diminished when it became evi- 
dent that many centrosorncs do not persist from one cell generation 
to the next, and that such bodies arc entirely absent from the cells of 
higher plants. 

Rearrangement Theories , — Many attempts have been made to account 
for the formation of the achromatic fibrils in the cytoplasm. According 
to some the fibers and astral rays arise as the result of a morphological 
rearrangement of the preexistent protoplasmic structure, chiefly under 

^ Extensive reviews of the early theories are given by Wilson (1900, pp 72-86 and 
316-329), 
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the influence of the centrosoine. Biifschli (187fl), who looked upon 
protoplasm as alveolar in nature', held that the rays are not really fibers, 
but only the lamellae between radially elongated alveohe about the' cen- 
trosome. It was the opinion of Wilson (1899) on the other hand, that 
the rays are actual fibers, though their material is derived from the' 
alveolar walls. Klein (1878) and others who believed protoplasm to Ik' 
ultimately fibrillar or reticular in structure, regarded the* rays as radially 
arranged fibrillar. Van HeiK'ch'ii (188^1) supposed these fibrillyp to be 
derived partly from the intranuclear reticulum, and Rabl (1889) 
pointed out that they are continuous with the unaltered cyto[)lasmic 
meshwork and arise by a. direct transformation of the latter. In Passi- 
Jlora Williams (1899) found that the nuclear nn'inbrane forms a meshwork 
connecting the linin reticulum with tin; cytoplasmic reticulum, all thrc'c' 
together organizing the s]findle. 

Speaal Substance Theories. -According to anothc'r grouj) of theoric's 
the spindle and astc'rs are not formed merely by the rearrangement of a 
structure already present, but arise from a special substance in tlu^ cell. 
This substance was held by some to Ix' a constantly present (Constituent 
of the cell, forming the achromatic figure at the time of mitosis and re- 
maining in r(\serv(‘ through the resting stages. Bov('ri\s archojflasm 
hypotlu'sis in its earlier form (1888) was a |)rominent (h'vc'lopnn'nt of 
this idea. According to this hypot lu'sis t Ik* at tracction sphere is (compost'd 
of a distinct substanctc calk'd archoplasm , which consists in turn of fint' 
granule's or microsonu's aggregatt'd about the centrosoine as a rt'sult of 
the cent rosome’s attraective force. The entire at'hromatic figurt^ was 
lit'ld to arise from this mass of archoplasm, the fibt'rs and astral rays 
growing out from it like roots, to be withdrawn again into th(‘ daughtt'r 
masst's of archoplasm at tine two pol(\s during the closing phase's of mitosis. 
In this way each daughter ct'll was thought to receiver half of the? archo- 
plasm. Although other workers (Watase 1894) also held that the fibers 
are outgrowths of the centrosoine or c('ntrosphere substance, it was rnaek' 
evident later that the material comiiosing the fibecr comes from the (cyto- 
plasm, being added to the growing fiber at its end. This was the view of 
Drliner (1894, 1895). Ihweri later (1895) modified his archoplasm hypo- 
thesis, adopting the view that the fiber is formed from th(i substance of 
the cytoplasm and not nece.ssarily from a constantly present archoplasm. 

Another theory based on the idea of a special substance in the cell 
was that of Strasburger (1892,. 1897, 1898). Strasburger held that the 
cell has two kinds of protoplasm : an active fibrillar kinoplasm and a less 
active alveolar trophoplasm. The former constitutes the ectoplast, centro- 
somes, the mitotic fibers, and the contractile substance of cilia and 
allied structures. The kinoplasm is thus concerned with the motor 
work of the cell, whereas the trophoplasm has to do chiefly with 
nutrition. 
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The nucleolus has been thought by some observers to furnish mat(?rial 
lor the formation of the spindle, because of the fact that it very commonly 
disappears from view at about the time the spindle begins to differentiate. 
It is possible that in some cases there may be a connection of this sort 
between nucleolus and spindle, but it is clear that this cannot serve as a 
general interpretation of spindle origin. 

That the achromatic figure may arise from a special substance' not 
constantly present in the cell, but formed anew at each mitosis, is a 
theory which several workers have advanced. The researches of Devise 
(1914) and Miss Nothnagel (1916) may be cited for illustration. Devise, 
as the result of a (aireful study of the development of the spindle in the 
microsporocytes of Larix, concluded that the spindle is not formed by th(‘ 
rearrangement of any preexistent nuclear or cytoplasmic structures, but 
arises from a substance which develops in the nuclear region during the 
late prophases (after diakinesis). He was not able to decide whether this 
substance is of purely nuclear origin or is formed when the karyolymph 
comes in contact with the cytoplasm. The interaction of karyolymi)h and 
cytoplasm is emphasized by Miss Nothnagel in her work on Allium. 
She points out that the contact of newly formed karyolymph with the 
cytoplasm at telophase brings about the precipitation of the nuclear 
membrane, and that in an analogous manner an exosmosis of karyo- 
lymph through the nuclear ineinbraneinb) the cytoplasm during prophasc; 
causes the precipitation of fine fibrils around the nucleus, these fibrils then 
developing into the spindle. The achromatic figure therefore arises 
from a special substance, but this substance, as in th(‘ (‘asci of Larix, 
is newly formed at each mitosis. 

Co7iclusion.-~-l\\ general it may b(^ said that although the spindle 
fibers and the motor and (-ontractile elements of the cell appear to have 
a substantial relationship with one another, the substance common to 
them is probably ''not to be regarded as being necessarily a pc-rmanent 
constituent of the cell, but only as a phase, more or less persistent, in 
the general metabolic transformation of the cell substance” (Wilson). 
Indeed the conspicuous tendency on the part of cytologists at present 
is to regard the acdiromatic figure neither as a mere rearrangement of a 
structure previously present, nor as a form assumed by a special spindle 
substance, but rather as the result of streaming, gelation, and other 
temporary alterations in the colloidal substratum. This interpretation 
is strongly supported by the microdissection studies to be cited in a 
subvsequent paragraph. 

The Mechanism of Mitosis. — Since the phenomenon of mitosis was 
first described there have been put forward a number of theories to ac- 
count for the operation of the achromatic; structures in bringing about the 
separation of the daughter chromosomes and for the division of the cell. 
Many of the suggestions undoubtedly contain elements of truth, but it 
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must 1 ) 1 ' niliuittcd that tin re is no imnicdiat)' prospi'ct of a sal islai toiy 
solution of these piohlenis. 

Contractiliti /. — One of tin' siin|)lesl and most widely aeeepted theories 
was that of fibrillar eontraelility suKS<'sted by Klein (1S78) and van 
Beneden (1883, 1887), aecordinn to whieh the ehromosonies are simply 
(IragKwl apart by the eontraction of two oppos('d groups of spindle fibers, 
'rhis theory and its modifications are fully reviewed by Wilson: it will 
be .sufficient here to point out that, when'as many facts were cited in its 
favor, and elastic modi'Is made which simulated the su[)pos('d contraction 
and its results (Heideidiain), the further ('vidcnce brous?ht forward by 
Hermann (1891), Driiner (1894, 189.')), ('alkins (1898), and others led to 
the general restriction of the roh' of contractility, tintil it became apjra- 
rent that this biclor, although it may contribute to the general re.sull, 
must be of minor importance. The <'oid ractility factor appeared again 
in the more elaborate theory proposed by Bhumblcr, which may be 
briefly stated as follows; The centrosome ari.ses as a local .solidification 
of the walls of the alv('ola‘; the (h'n.ser constituents of tin' i)rotoplasm 
collect at this point and form an attraction sphere, driving the le.ss dense 
constituents to the other i)arts of the c('ll wln're the pn'ssure is low('r; this 
migration of fluid affects particularly those strands of the protoplasmii' 
reticulum which radiate more directly from the c(*nt rosomes, fln'sc' 
strands or rays, in giving up their fluid, shorten, and thus (>,\ert a trac- 
tive force which draws the daughter chromosomes apart . In this thc'ory, 
therefore, the main factors are streaming and contractility. 

Slreamintj.— The phctiomena of streaming and surface tension have 

been prominent factors in .several alt pts to explain both karyokinesis 

and cytokinesis. The role of streaming iti karyokinesis has been held to 
be especially important since Biitschli, llcrtwig, and Fol showed many 
years ago that currents exist in the protoplasm. Bhumbler (1890, 1899), 
Morgan (1899), Wilson (1901), and Conklin (1902) all held that the 
astral rays are due at least in trarl to centripetal currents. This inter- 
pretation has recently la-eii confirmed by Chamlrers (1917) in his micro- 
dissection studies on the living cell. With regard to the aster Chambers 
says: “The formation of the aster consists in the gelation of the hyalo- 
plasm which comes under tlu' influence of the astral center. A hyalin.- 
liquid sep.arates out during the g<'lafion and flows in innumerable centri- 
petal paths toward the center wti.-re it accumulates to form a siiher.-. 
This centripetal flow brings about an arrangement of the gelleil hyalo- 
plasm containing the cell-granules into radial strands .separated by the 
hyaline-liquid paths. This iiroduces the astral figure. The strands of 
gelatinized cytoplasm merge peripherally into the surrounding liquid 
cytoplasm or reach and anchor themselves in the substance of the gelled 
surface when the aster is fully formed. The liquid rays merge centrally 
into the substance of the sphere, the li.piid of the rays and of the sphere 
being thus identical.” 
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Sakamura (1920), alth()Ufi;li liolding the filx'rs to be important agents 
in the normal separation of (he daughter chromosomes, ol)serves that in 
abnormal nuclear divisions where no fibers are present the chromosomes 
still show movements which are probably due to streaming of the cyto- 
plasm and to surface tension phenomena. 

The relation of streaming and surface tension to cytokinesis will be 
discussed in the section dealing more parti(*ularly with cytokinesis. 

Osmosis . — In a theory of the mechanics of karyokinesis propostnl by 
Lawson (1911) the principal factor involved is osmosis. Lawson’s ex- 
planation is esscniially as follows. During the late prophasc karyolymph 
passes outward through the nuclear membrane by osmosis, this loss of 
fluid resulting in a contraction of the nucleus. Owing to the fact that 
the cytoplasmic reticulum is continuous with the nuclear membrane this 
contraction sets up radial lines of tension in this reticulum on all sides of 
the nucleus. As the process continues these lines or “fibers” gradually 
become arranged in two opposed groups, while the nuclear membrane to 
which they are attached continuos to contract until it actually enwraps 
each double chromosome. To each double chromosome there ar(5 thus 
attached fibers which represent stretched and distortcnl regions of the 
cytoplasmic reti(;ulum extending to the two sides of the cell. When the 
chromosomes become properly arranged at the equatorial plane the 
fibers, which arc under considerable tension, are able to pull the daughter 
chromosomes apart and draw them to the poles. As the fibers relax they 
resume their true reticular state. Although the chromosomes are thus 
drawn apart by the shortening of “fibers” attached to them, Lawson 
points out that this is not to be regarded as a case of true active contrac;- 
tility, but only as a release of tension set up in the passive but elastic 
cytoplasmic reticulum as the result of the exosmosis of karyolymph from 
the nucleus. This theory has been severely criticized by a number of 
writers, chiefly on the grounds that such an enwrapping of the chromo- 
somes by the nuclear membrane as Lawson describes cannot be demon- 
strated in many objects subsequently examined, and that the membrane 
frequently goes into solution when both it and the growing fibers are 
still some distance from the chromosomes. 

Electrical Theories . — The striking resemblance between the achromatic 
figure and the lines of force in an electromagnetic field early led to at- 
tempts to account for mitosis on the basis of electrical principles. Several 
investigators, working with various chemical substances, succeeded in 
modelling fields of force that illustrated graphically the changes supposed 
to take place in the dividing cell. In later years the electromagnetic 
interpretation was again brought into prominence by Gallardo, Hartog, 
and Prenant. At first Gallardo (1896) believed the two spindle poles 
to be of unlike sign, but later (1906), as the result of the researches of 
Lillie (1903) (see p. 62) on the behavior of nucleus and cytoplasm in 
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the electroniagiiotic* field, he concluded that the chromosomes and th(' 
cytoplasm carry charges of unlike sign: tin* daughter centrosomes repel 
each other and move apart because of their like sign, the spindle poles 
being of like sign also. The movement of the chromosomes to the poles 
he held to be due to the combined action of two forces: the mutual repul- 
sion of the similarly charged daughter chromosomes, and the attraction 
l)etween the oppositely charged centrosonu's and chromosonu's. 

The fact that th(^ two C('ntrosomes and Ikmicc tin? two spindh' pol(‘s 
are electrically homopolar (Lillie) and alike osmotically at once makes it 
apparent that the mitotic figure does not n'present an ordinary (di'ctro- 
magnetic field, for in the latter t he j)oles ar(‘ of unlike sign — the field is 
heteropolar. It has consequently been suggested by Prenant (1910) and 
Ilartog (1905, 1914) that the mitotic figure is the seat of a special force, 
analogous to electrostatic force but not identical with it, which is p(‘culiar 
to living organisms. This new force they call “ mitokinetism.” 

A larg(' amount of discussion has (‘(mtered about the ])ossible role of 
electrical forces in mitosis, and many kinds of normal and abnormal 
mitotic phenonuMia hava* beam (‘il(‘d as (‘vid(‘nc(‘ for various views. 8o 
far as conclusive' stab'inents are concerned, th('r(‘ is disappointingly little 
of a definite nature that can be said. Meek (1918) asserts that the only 
generalization which is at present possible is tlu^ nc'gative one that 
‘4he mitotic spindle is not a figure' forme'd entire'ly by. the actie)n e)f 
forces at its pede's.” 

Conclusion . — In conclusion we may emphasize the fact that the 
achromatic figure depends for its e)peration upon a varie'ty e)f interacting 
factors, (ycrtain investigators have^ denibtless elone ge)e)d senwice in em- 
phasizing the importanee of e)ne or another of these faedors — streaming, 
surface tension, contractility, gedation, edeedriead idienomena, anel the 
like — but it has become increasingly evielent that in no e)ne e)f them alone 
is the key to the problem of mitosis to be found. In s})ite of the confi- 
dence that some progress has Immui made, at least in the elucidation of 
certain phenomena which must have a part in any ultimate explanation, 
it is nevertheless true that the statements made twenty years ago by 
Wilson (1900, p. Ill) may be taken as an essentially accurate expression 
of the condition of the subject: ‘‘When all is said, we must admit that 
the mechanism of mitosis in every phase still awaits adequate physio- 
logical analysis. The suggestive experiments of Biitschli and Heidenhain 
lead us to hope that a partial solution of the problem may be reached 
along the lines of physical and chemical experiment. At present we can 
only admit that none of the conclusions thus far reached, whether by 
observation or by experiment, arc more than the first naive attempts to 
analyse a group of most complex phenomena of which we have little real 
understanding.'^ 
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CYTOKINESIS 

III the foregoing p^lg(^s (li.scus.sioii Inis been limited largely to karyo- 
kinesis. In the present section attention will be directed to cytokinesis, 
or the division of the extra-nuclear portion of the cell. 

In plants the wall separating the two daughter cells ift formed by 
two general methods; cell plate formation and furrowing. The first and 
more common of these methods, by which a wall is formetl in close 
association with the spindle fibers at the close of mitosis, has hinm briefly 
described in the foregoing section on the achromatic figure (p. 1 76) and 
will be taken up in greater detail in the following section on the cell wall 
(p. 190). At this point we shall therefore describe the second method, 
that of furrowing, which in plants is seen most conspicuously in the 
thallophytes and in the microsporocytes of the higher plants. The 
review of the subject given by Farr (1916) will be followed. 

Thallophytes. — In Sjn'rogyra Strasburger (1875) showed that the 
wall between the two daughter cells appears as a “gii*dle’’ or rihg-like 
ingrowth from the side wall of the parent cell. This wall continues to 
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Fig. 62. — Cytokine.sis by furrowing in Cloi<Urin7n. Only the contral part of the eoll 
is shown. X 700. {After Lutinnn, \^\\.) 

Fig. 0;b 

a, Cleavage furrows beginning to form at periphery of sporangium of Hhizopua nigricans. 
X 1500. B, Cleavage in the .sporangium of Phycornyces nitens: inter.sporal substance in the 
angular furrows. X 500. {Both after D. B. Swingle, IQO.'b) 

grow centripetally by the addition of new material at its inner edge while 
the protoplast develops a deep cleavage furrow, the process continuing 
until the separating wall is completed at the center of the cell. A 
somewhat similar process occurs in Closterium (Lutnian 1911) (Fig. 62). 
In the brown algfe Sphacelaria (Strasburger 1892; W. T. Swingle 1897) 
and Dictyota (Mottier 1900) the wall develops uniformly across the 
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whole* (‘(iiiatorinl plane at I lie* saiuc (iinc, and not as a prof^icssivc in- 
growth from the p(*riplu*ry. 

In the fungi Harper and others showed that the two daughter eells are 
sepai'ated by the development of a eh'avage furi’ow in whieh the n(*w wall 
is laid down. In large miiltiniieleate masses that beeome brokc'n up into 
spores this progressive cleavage is a very eompli(‘at('d process. The 
manner in whieh the furrows develop is shown in the studies of Timberlake 
(1902) on Hydrodictyon, D. B. Swingl(‘ (1903) and Moreau (1913) on 
Rhizopus and Phyconiyce^, Davis (1!)03) on Saprolajnia, Hytz (1907) 
on Syrichyiriutn, and Harper (1899, 1900, 1911) on Synchytriuni, Piloholus, 
Sporodinia, Fuligo, and Didymium. In Rhizopus (Fig. ()3, A) tin* 
cleavage furrows begin to form both at the periplKual nn'inbrane of the 
sporangium and at the columella and work gradually into tin* multi- 
nucleate protoplasm, eventually cutting out mult inuch'atc* blo(*ks which 
become the spores. In Phycotnyces (Fig. (>3, B) small vacuoles appear in 
the midst of the multinucl(*at(‘ protoplasm, enlarge* and become st(*lhit(*, 
and cut out spore masses with from I to 12 nucl(*i 
each. In the myxomycete, Fuligo, the cl(*avag(* 
is from the surface inward, and the* multinucleate* 
blocks are subdivided l)y further furrowing into 
uninucleate spores. In Didymiuui the* spe>re*s are* 
eielirniteel in a similar way by furre)ws whicli 
begin to form along the young capillitium fila- 
ments in the interior of the multinucleate* mass 
as well as at its periphery. v 

Microsporocytes. — In the microspe)rocyte*s e)f \ 
the higher plants it has been she)wn with great 
clearness by Farr (1910, 1918) that the epiaelri- 
partition to form spe)re tet rads of the le*trahe‘elral 
type is brought about by furrowing, pre*vious ae*- 
counts having generally stated that the* walls 
are formed by the cell plate met hoel. Farrfinels 
that after the fe)ur microspore nuclei are* fe^rmeel 
they all become connecteel by a serie^s ejf six 
spindles, or sets of connecting fibers. 1 he two 
spinelles of the second maturation mitosis may C'ytokinosi.s hy 

persist four new ones being aelelcd, or the two ftirrowinK in the . miem- 
may disappear, six new one*s being developed. ^ {AfUrParr, nuo.) 

Although some sporadic thickenings may ap- 
pear on these fibers they have nothing to do with the formation of the 
separating walls, there being no centrifugally growing cell plates such as 
are seen in cells dividing by the cell plate method. Constriction fur- 




rows appear at the periphery of the cell (Fig. 64) and grow inward until 
they meet at the center, dividing the protoplast simultaneously into four 
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spores. , Any fibers which these furrows encounter ms they grow inward 
are probably incorporated in the new wall, but t hey play no promiiumt 
part in wall formation: the dev(‘lopnient; of the furrows ap|)ears to be 
(‘ntirely independent of the fibers present. 

In his first pap(‘r (1910) Farr states that the microsporc' t(drads of 
the bilateral type ar(» usually formed by the cell plate method, a wall 
being formed across (he diameter of the microsporocyte^ on the connect ing 
fibers after the first maturation mitosis, and the two daughter cells 
being divided in a similar way after the second mitosis. In his second 
contribution (1918) he shows that in Magnolia such tetrads also are 
formed by furrowing. After the first mitosis a cleavage furrow starts 
to form, but its development is arrested until after the second mitosis, 
when it r(‘sumes its growth toward the center and forms a wall across th(‘ 
diameter of the spherical protoplast. At the sanu^ time other new 
furrows subdivide each h(miis|)here, so that four uninu(‘leatc microspores 
result. Farr states that no case of bipartition by furrowing is known in 
Uie higfier plants; l)ipartition begins in Magnolia^ but the fuiTow ceases to 
grow un( il other furrows are formed after the s(M*ond mitosis, the eventual 
division occurring by quadripartition. In the lowcn* j)lants, however, 
bilateral tetrads may be formed by the C(dl plate medhod. It is the opinion 
of Farr that furrowing in microsporocytes is due to conditions similar to 
those which bring it about in animal eggs (see below), sinc(^ both float 
freely in a liquid. 

Animals. — In animals then^ is found nothing corresponding to the 
formation of a (;ell |)]at(^ on the spindle fibers and its development into a 
thick wall such as is seen in plants. As noted in the section on the 
achromatic figure, thei'e is often a slight differentiation at this region 
(the ‘dnid-body ”), but it has nothing to do with cytokinesis, which is 
brouglit about by simple constriction or furrowing. This process is 
most easily followed in th(‘ segmenting egg. In small eggs, such as those 
of worms, the daughter cells (blastomeres) round up and become more or 
less spherical, whereas in larger eggs, such as that of the frog, a cleavage 
furrow appears at one pole and develops through the egg without altering 
the shape of the latter, so that the first two blastomeres have the form of 
hemispheres. It is with animal eggs that most of the researches on the 
mechanism of cytokinesis by furrowing have been carried out. 

Mechanism of Furrowing. — Attempts to explain furrowing and the 
separation of the daughter cells on physico-chemical grounds have been 
rather numerous. Many years ago Biitschli (1876) advanced the view 
that as a result of a specific activity on the part of the centrosomes cyto- 
plasmic currents are set up which flow toward the centrosomes and 
produce a higher surface tension at the equator of the cell, this in turn 
bringing about furrowing and cell-division. McClendon (1910, 1913) 
also reported an increase in surface tension at the region of furrowing. 
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On the coiitrai y, Roh(M tsori (1011, 1013) and others at t rihiile furrowing 
rather to a decrease' in the equatorial surface' te'nsie)n, this elee*re'ase' ])eing 
due to a diffusion of materials toward that region from the daughte'r 
nuelei. Evidence favoring Biitschli’s interpretation lias been afforded 
by the studie's of Spek (1018). 8pek imitateei furre)wing anel elivision 
with oil and mercury droplets in wate'r, anel showe'el that liy le)we‘ring the 
surface tension at two peile's of the droplet the re'lative'ly higher surfae*e 
tension at the equatorial re'gion could be* made' to bring abeiut the con- 
striction and fission of the dro|)let. In both dieiph'l anel elividing egg 
he feiund streamings such as Erlangen (1897) hael describe'el in the' ne'ina- 
tode egg: an axial movement pole'wards to the' re'giems of low surface 
tension and a superficial streaming teiwarel the' e'epiateirial regieen of higher 
surface te'usion, the' stre'ams turning inwarel at the' furre)w (Kig. 6f)). 



F[(}. (>5. Dui^rum .showing slroaininK un«l furrowing in the onu of Hhahdttis 
(.1) jukI an oil ilroplot (/^). (Aft<r Sju'k, I'JIS.) 


Although till' causes of the initial change's in surface tension in the case 
of the cell arc relativc'ly ()l)scure, these experiments of Spek show heyoini 
question that alteration in surface tension and streaming aiv very im- 
portant factors in cell-division ot this type. 

The relation of periodic change's in IIk' viscosity of the' egg substance 
to cytokinesis bv furrowing has n'ce'iitly Ix'cn discussc'd by ('liamlx'is 
(1919). Immediately after tine ('idrance of tin' sjeermatozoon into the 
eehinoderm ('gg the sperm aster Ix'gins to diflerentiate as a semi-solid 
region near the sperm head. (S.'c p. 279.) Wln'ii the aster is most fully 
developed the egg has its maximum viscosity (Heilbrunn 1915). As 
the aster disappears the egg again bi'comes more fluid. Then a sei.'Oini 
solidification begins at two centers forming the amirhiastcr, or bipolar 
figure The growth of these two scmi-solnl masses results m the elonga- 
tion of the egg, and eventually in the dcvelopiinmt of a cleavage furrow 
in the more fluitl portion of the egg substance separating them. After 
cleavage is complete the semi-solid masses (asters) revert to a more fluid 
state. The formation of the cleavage furrow, moreover, may be pre- 
vented by mechanical means. At the second mitosis in eggs so treated 
(binuclcate eggs) there are four centers of semi-solidification rather than 
two and the egg cleaves simultaneously into four blastomeres. An egg 
cut into two pieces during the amphiastcr stage will, provided it docs not 
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irturn to th(‘ fluid st{it(‘, rontiiiin* to ch^Jivc* alou^ tlu* iiuriiial ))laiic 
througli tho equator of the (‘(‘ll as if nothing unusual had liappened. All 
of these observations indicate a close dependence of (‘ytokinesis ui)on the 
t(unporary difTercntiation of semi-solid masses in the egg cytoplasm, and 
throw much light upon the question of the true nature of the achromatic 
figure. 

THE CELL WALL 

Probal)ly the most striking difference which meets the eye in a com- 
parison of animal and plant tissues lies in the relative degree of dis- 
tinctness with which the limits of the individual cells may be made out. 
Animal cells as a rule are separated only by very thin limiting membranes 
which in many tissues are so delicate as to be scarcely discernible, 
whereas the cells of plants usually possess conspicuous firm walls, which 
in the case of woody plants become greatly thickened and afford 
mechanical support to large bodies. 

The Primary Wall Layer. — Since the time wlnm mitotic cell-division 
was first carefully studied with the aid of modern methods it has be(*n 
known that in the cell wall of plants the primary layer, or middle lamella 
(the ‘‘intercellular substance’^ and “cement’’ of early writers), is formed 
in most cases in close connection with the spindle fibers at tli(' close of 
mitosis.^ The exact manner of its origin, however, has proved to be a 
very difficult point to determine, and has formed the subject of a long 
continued controversy. (See papers of Timberlake and Allen, 1900 
and 1901.) During the telophases of mitosis the spindle' fibers con- 
necting the two daughter nuclei develop thickenings (Fig. 58, /)), enlarge 
until they come in contact with one another and fuse to form a cell plate, 
or partition, between the daughter cells. For some time it was thought 
(Strasburger 1875, 1882, 1884) that the cell plate so formed became at 
once the middle lamella, upon which secondary and frequently tertiary 
layers were subsequently deposited by the protoplasts on either side. 
Strasburger here found support for his theory that the cell wall is essen- 
tially a transformed layer of the protoplast, in opposition to Niigeli and 
von Mohl, who regarded it as primarily a secretion product. As a 
result of further researches, however, he later (1898) abandoned this 
view and adopted an interpretation that had been suggested by Treub 
(1878), namel}^, that the cell plate formed by the consolidation of the 
swellings (“microsomes’’) on the spindle fibers very soon splits to form 
the plasma membranes of the two daughter cells, and that there is then 
secreted between these membranes by the protoplasts a substanc(> 
which becomes the primary layer, or middle lamella. The correctness 
of this view was confirmed by the careful researches of Timberlake 
(1900) andj^Allen (1901). Timberlake pointed out that in the micro- 

1 Discussion is here limited to the walls of higher plant tissues. The ectoplast of 
naked cells has been dealt with in Chapter III, 
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sporocytes of Larix and the root colls of Allium the connocting fibers 
first thicken near the nuclei, then become uniform throughout their 
length, and finally become swollen at th(' equatorial rc'gion, indicating a 
transfer toward that region of the material that is to compose the c(‘ll 
plate. Allen was able to show not only that th(‘ middle lamella itself 
may increase in thic^kiuiss by the addition of now material before th(‘ 
secondary layers begin to be laid down, but also 
that it (consists in reality of two layers n'presenting 
the secretions contributed by th(‘ two daught(‘r 
protoplasts. Where th(‘se two mass(\s of s(‘cret(Ml 
material m(‘et there is developed a nu'dian i)lane of 
weakness which is ordinarily invisible' but along 
which the lamella invariably splits wlu'n inter- 
cellular spaces are developed by th(‘ rounding up 
of the cells. By the use of proper staining met hods 
it luis been found possible to diff(‘r(*ntiate this 
“ primary cleavage plane.” The continuity of the' 
middle lamella is interrupted, if at all, only by 
the fine pores through which [)ass th(‘ protoplasmic 
strands connecting adjilcent cells. (See p. 40.) 

Secondary and Tertiary Wall Layers (Fig. 00). — 

It is probable that the deposition of the secondary 
layer begins aft(*r the c(‘ll has reaclu'd iH'arly or 
(piite its full size, though to this then* are ap- 
parently ('(U’tairi excc'ptions. The secondary layer, 
which seems to be formed with considcu’abic' 
rapidity, differs from the primary layer not only 
chemically (see below) but also in structure, b(dng 
interrupted by circular or elongated areas in 

which no secondary, substance is deposited, so . , 

that the cells at these places are sepaiated only by tmnHvorso seciious 

the delicate primary membrane. Smdi a wall is KymnoHDonn tm- 

said to l)e ‘‘pitted, the primary lamella extending micidlc lamella; 
across the nit bciiiij termed th<' cloximj membrane. w''»n<liir.v hiyor; t. spiral 

' . . 1 A* tertiary thirkeninK. 

The central portion of this membrane sometimes 

(vascular cells of gymnosperms chiefly) has a more or less conspicuous 
thickening known as the torus. 1 he portion of the membrane 
around the torus is pierced by fine pores: in some cases these may 
become so large and numerous that the torus appears to be suspended 
on a meshwork (Fig. 67), while extreme cases are known in which it is 
held in place only by a few strands. In bordered pits (Fig. 68) the second- 
ary wall overarches the margins of the closing membrane. In this type 
of pit, characteristic chiefly of waU'r-cbnducting cells of the gymiiosperriis, 
the closing membrane is of such a nature that its position in the center of 





192 


INTRODUCTION TO CYTOLOGY 


the pit is readily altered. Probably because of changes in pressure it 
swings to the side of the pit; the torus then lies against the pit opening, 
or ‘‘mouth,” and the pit is Idockcd except for slow diffusion through the 
rather thick torus. The latter may even be forced tightly into the pit 
mouth. 

The secondaiy wall layer may be (^ven more limited in extent, only a 
small portion of the primary wall being covered. Siudi is the case in 
protoxylem c('lls, in which the secondary layer is deposited in the form of 
rings and s|)irals (Fig. 4). This form of thickening, together with the 
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(»7. -Pits in tin; wood of Larix, sliowiim porforutions in ])it nioinbruno. X SOU. 

{After Bailey.) 


Fig. f)S. — DiaRrarn of bordered pit of coniferous wood. 

A, section of pit showing ('losinK ineinl)rane supporting the torus, and secondary layers 
on each side of middle lamella. B, face view of same. C, section showing torus forced 
against mouth of pit. {After Bailey.) 


peculiarly extensible character of their primary walls, allows for the gn'at 
increase in length of these c(41s necessitated by the continiKnl growth of 
the young organs in which they chiefly function. In some cells, notably 
the tracheids of certain gymnosperms and the vessels of many angio- 
sperms, a tertiary layer is deposited upon the secondary wall. This ter- 
tiary layer takes the form of slender spirals, rings, and other figures 
resembling the secondary thickenings of protoxylem cells. 

The Physical Nature of the Cell Wall.— Hugo von Mohl (1853, 1858) 
first expressed the idea that the cell wall grows by apposition, i.e., by the 
deposition of material in successive* laminse. Although certain other 
workers (Wigand 1856) supported this view, it became over-shadowed for 
a time by the theory of Niigeli. This investigator, as a result of his classic 
researches on the wall and on starch grains (1858, 1862, 1863), concluded 
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that the wall is made up of iiltraniicroscopic crystalline micdlw sur- 
rounded by water films. Growth of the wall in thickiu'ss and in area he 
believed to be due to the intercalat ion of new inicelhe bet w('en the old ones, 
a process termed mtussiisception. Conti*asted with this was Strasburger’s 
development of the apposition theory (18S2, 1880). Although Stras- 
burger agreed that the wall had both solid and liquid constitiumts, Ik' 
held that the latter were not complex micelke, but only molecules linki'd 
together in the form of a reticular framework by tlu'ir cln'inical affinit ies. 
Growth in area he thought was merely a matter of stietching without tlu' 
intercalation of additional partick's, while inen^ase in thickness was 
supposed to be accomplished by apposition, or the dt'position of lay(‘rs 
of new material in tin; form of small particles, or inicrosomes. Tlit' 
striations which both he and von ]\Iohl obser vc'd in the wall substarjcc' 
were regarded by Strasburgeu* as due to the linear nrrangcmKuit of thes(‘ 
inicrosomes. 

That the cell wall is not merely a lifeless secretion of the protoplast, 
but contains protoplasm in some form, is a view which has oft('n been 
upheld, and involves problems which are still far from being solvc'd. 
Prominence was given to the view by Wiesmu- (188()), who looked upon 
the growing cell membrane as a living part of the ciOl. Following Stras- 
burgeFs early view, he held the primary layer to be wholly protoplasmic, 
and supposed the growing wall to be made up of r(‘gularly arrang(‘d 
particles, which he called dermalosomcs, connectc'd by fin(‘ fibrils of 
protoplasm. Growth was accomplished by the intussusception of new 
derrnatosomes. Evidence in support of Wiesner’s interpretation was 
brought forward by Molisch (1888), who showed that when tylos('S come 
into contact pits arc formed exactly opposite each oth(U‘ in the two 
abutting walls, a phenomenon which it would l)e diffi(*ult to (‘xiilain wi'n^ 
the walls without living substance. 

The new intussusception theory of Wiesner was acc(*pt('d by a numlx'r 
of workers including Haberlandt and Zacharias (1801). Th(‘ apposition, 
or lamination, theory of Strasburger also had many supporters, among 
them being Noll (1887), Klebs (1880), Zimmermann (1887), and Askimasy 
(1890). According to Pfeffer (1802) lioth processes, the intussusception 
of new particles or molecules and the apposition of new material in layers, 
arc concerned in the development of the wall. This view was later 
adopted by Strasburger (1898), and has received general acceptanc^e. 
But much work must be done before any final conclusion can be drawn i (‘- 
garding many points. Especially obscure is the exact relationship of 
the protoplasm and the wall. The solution of this difficult problem 
must await the results of further inquiries by both the cytologist and the 
biochemist. 

The Chemical Nature of the Cell Wall. — Through the researches of 
Payen (1842), Frdrny (1859), Kabsch (1863), Wiesner (1864, 1878), and 
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particularly Mangin (1888-1893) it has been found that the chief constitu- 
ents of the newly formed cell walls of plants are pectose and cellulose — 
that the primary wall or middle lamella consists of pectose, the secondary 
layer of pectose and cellulose, and the tertiary layer of cellulose. These 
substances however, rarely exist in the wall in pure and unmodified form. 
The pectose of the primary layer changes later to insoluble pectates, 
especially the pectatc of calcium, while the secondary and tertiary layers 
very soon become greatly changed in composition, not alone through the 
addition of a variety of new substances, but also through an actual trans- 
formation which in some cases appears to be complete. For example, the 
se(;ondary and tertiary layers of xylem cells, although at first containing 
much c(41ulose, may later become so completely transformed into or re- 
placed by lignin that they show no reaction whatever to cellulose stains. 
In some cases the primary wall may undergo a certain amount of lignifi- 
cation also. The walls of many cells become heavily impregnated with 
cutin or suberin, the latter substance being responsible for the peculiar 
character of corky tissues. Infiltration by cutin, or “ cutinization,'’ is 
to be distinguished from ‘‘ cuticularization,” by whi(;h is meant the secre- 
tion of a layer of <;utin (cuticle) on the outside of the cell. A variety of 
mineral substances, such as silica, calcium oxalate, and calcium carbonate, 
as well as more complex organic compounds, such as tannin, oils, and 
resins, are often deposited in the walls of old cells. The heartwoods 
of trees owe their qualities largely to the presence of thes(i additional 
materials. 

In spite of these modifications, however, it is still true that cellulose 
is the substance chiefly characteristic of plant cell walls in general. Al- 
though cellulose has been identified in certain animals, the membranes of 
practically all animal cells are composed of other substances, such as 
keratin, elastin, gelatin, and chitin. In the fungi also the role of cellulose 
appears to be played in part by chitin. 

The Walls of Spores.— Special attention has been given to the develop- 
ment of the elaborate walls, or coats, of the spores of various plants in a 
number of investigations. Strasburger (1882, 1889, 1898, 1907) con- 
cluded that such coats ari.se by two general methods: (1) by the growth in 
thickness (by apposition) of the original wall of the spore cell through the 
activity of the protoplast, as in the pollen grains of Malva and other angio- 
sperms, and (2) by a deposition of material upon the original wall by the 
tapetal fluid in which the young spores lie, as in the case of the megaspore 
of Marsilia. 

The highly specialized coats of the megaspore of Selaginella have been 
most intensively studied, particularly by Fitting (1900, 1906) and Miss 
Lyon (1905), whose accounts disagree in several points. At the close of 
the tetrad division th(»re is formed about each yoflfng spore a thick gela- 
tinous “special wall,’’ at the inner surface of which, according to Fitting, 



TIIJ'J ACHHOMATK^ FIOU RE, CYTOKINESIS, AND ('ELI. WALL 105 


the spore coats begin to differentiate. The exospore first appears, and 
just outside of it the rough penspore soon begins to develop. Then a 
second layer, the mesosporey is formed within the exospore. Between the 
protoplast, which is at this time very small, and the mesospon', and 
between the exospore and the mesospore, th(*re are developed two cavities 
filled with a sporangial fluid which furnishes material to tlie growing 
coats. P]mphasis is placed on the fact that the coats are able to increase* 
in thickness while they have no immediate contact with the protoplast. 
The protoplast now expands, after which a third coat, the^ endospore, is 
formed at its surface. The mature spore thus has three coats according 
to Fitting’s interpretation, which Denke (1002) and Campbell (1002) 
confirmed. 



Pio. 09. The dcvelopiiiK iiieKa«|j(»re coat of Sdnuinrlla rujufutrifc 
p, protoplast with nucleus; <’n, endo.spore; un<lifT(*rentiaU-d portion of “spore 

nicnibrane ex, exosporo: the outer denser portion i.s the periniurn. {After Lyon, 19()o.) 


Miss Lyon found that tlu* spore coats (S. rupeslris) begin to differ- 
entiate in the midst of the “spore membrane” (“special wall: hitting), 
rather than at its inner surface as Fitting thought. The exospore 
first appears as a double zone, the outer part of which becomes the per- 
inium (perispore: Fitting) (Fig. 60). The small protoplast gradually 
expands and pushes back the undifferentiated inner portion of the spore 
membrane; and while it does .so a second coat is formed at its surface 
and becomes the endospore {^mesospore'. Fitting) which increases in thick- 
ness by lamination. "In another species (.S. emiluma) the exospore and 
endospore form simultaneou.sly. Miss Lyon thus finds two coats rather 
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than three, but points out that a portion of the spore membrane whit^h 
may remain in an undifferentiated condition until a late stage may easily 
be mistaken for a third coat. The two spaces in the immature spoje 
wall she holds to be undifferentiated regions in the spore membrane, and 
not cavities filled with a foreign fluid; and further urges that the proto- 
plast is at all times in contact with the gelatinous spore membrane in 
which the coats are differentiating, opposing the view that the latter 
have the power of independent growth in thickness. 

Evidence favoring the view that the spore coats can grow while not 
in contact with the protoplast has been brought forward by Beer (1905, 
1911) and Tischlcr (1908). Beer asserts that although both the primary 
wall and the secondary thickening layer of the pollen grain (in certain 
members of the Onagraceae) originate in intimate connection with the 
plasma membrane, most of their subsequent growth occurs by intussus- 
ception while they are completely separated from the protoplast, whi(*h 
secretes the material used. The development of the pollen wall in 
Ipomoea purpurea has been described in great detail by Beer. Around 
each young spore immediately after its formation th(u*c app(‘ars a t(un- 
porary gelatinous ‘^special wall,” upon the inner surface of whi(;h the 
protoplast deposits the exme, or outer spore coat. This is at first homo- 
geneous, but soon differentiates into a thin outer lamella and an inner 
zone made up of a network of thickenings with the rudiments of spines 
at its nodes. Both the spines and the small rodlets, which develop in a 
clear space appearing between the outer lamella and the network of 
thickenings (mesospore) y undergo most of their development after they 
are separated from the protoplast. Tischler (1908) reports that the 
exine of the pollen of sterile Mirabilis hybrids may contimu' to incrc'ase 
in thickness after the protoplast begins to degenerate. 

As an example of the formation of spore coats through the activity 
of a tapetal plasmodium may be taken the case of Eqimetuniy dt^scribed 
by Beer (1909) and Hannig (1911). The spores of this form have three 
coats: an endosporej an exospore, and a perispore consisting of several 
layers including the one which splits to form the “elaters.” The young 
spore cell at first has a simple membrane, the rudiment of the exospore. 
The walls of the tapetal cells dissolve, allowing the cell contents to ffow 
freely among the spores as a tapetal plasmodium. Uf)on the sport* 
membrane the plasmodium deposits successively (1) an inner gelatinous 
layer, (2) the “middle coat,” (3) an outer gelatinous layer, and (4) the 
clater layer. The exospore develops from the original membrane after the 
middle coat is formed, and the endospore, or innermost coat, is developed 
last of all. 

From this brief review, to which other examples might be added, it is 
evident that spore coats may develop in a variety of ways, but too little 
is known to warrant any statement as to which method may be the most 
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general one. Although (^ytological interest centers clhefly in other 
problems, further studies on spore coats would not only contribute to 
Qur understanding of cell wall formation, but would also aid in solving the 
problem of the possildc existence of protoplasm in the wall. 
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CHAPTER X 


OTHER MODES OF NUCLEAR DIVISION 

In aorordaiK ‘0 with tho well established principle which states that 
only through thc^ simpler organisms can an adc'qiiate understanding of 
those higher in the scale of complexity bo approached, search has been 
made for primitive modes of nuclear division with the hope' that light 
may thereby be thrown upon the origin and significance of the elaborate 
karyokinetic process which is so universally found in the cells of higher 
animals and plants. It is to be acknowledged that such a phylogenetic 
(‘xplanation of mitosis is v(*ry far from being reached, but many of the 
observations recorded are nevertheless of a very suggestive nature. To 
botanists the most interesting of these have been made upon th(' Cyano- 
phycea), which have long been a subject of controversy in this connection. 

Cyanophyceae.— For many years the nature of the “central body’’ 
of the cells of such blue-green algae as Oacillaloria remained very obscure. 
Butschli (1890), Dangeard (1892), Scott (1888), and others believed it 
to be a nucleus of a somewhat primitive type, whereas other investigators, 
among them Zacharias (1892) and Chodat (1894), denied its nuclear 
nature. Zukal (1892) held that the peripheral portion of the cell repre- 
sents a chromatophore, the central body consisting of cytoplasm with a 
number of minute nuclei imbedded in it. 

One of the first critical accounts bascal partly on the study of sections 
was that of Fischer in 1897. Fischer concluded that the central body, 
in which he found no chromatin, is the main portion of the cytoplasm, 
and not to be regarded as the forerunner of the nucleus or indeed as an 
independent organ at all. He also investigated the nature of the periph- 
eral portion of the protoplast. By treating the plants with 10 per- 
cent hydrofluoric acid he dissolved away the other parts of the cell, leav- 
ing this portion intact; and as the result of comparative studies on other 
plants he concluded, in harmony with Zukal, that it is a single large 
chromatophore. 

Since Fischer’s work the most important contributions arc those of 
Hegler, Kohl, Olive, Phillips, Gardner, and Miss Acton. Contrary to 
the view of Fischer, all of these cytologists interpret the central body 
as a nucleus, and the first three regard its division as essentially mitotic. 
The opinions of these workers with respect to the organization of the cell 
of the Cyanophyceae and the behavior of its nucleus are summarized 
below. 
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Orill'Hi MODES OF XI'CEE.XE DIVISIOX 

AccunlinK(uII,.«ln(|.J(H)(luMMHWn,nlainsKrM 

XI HO nu(, to u.s 01 iiuclcai- inciHhianc, divi.sioti oc('uirin)>; l)y a .simple 
form of mit().sis. The eolo.infr mat(,.,- .-xists in ll„. form of mimit<> 
granules or cyonopIaM.. Two otlna- kimis of ho(li,>s are also present- 
allxiimnous slime ylobidcs an.l allniminous erystals {c,„nwphi/dn ynuniles) 
n'prosonting roservo food. 

Kohl’s (1!)04) (le.st-ription of the cell of rolypothrix (Fig. 70) is one of 
the most detailed which has Ix-eii given in this group of researches. Kohl 
shows that tho midous of this form has oxtoiisions roaohinfr outward 
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Fk 3. 70. — Structure and division of tho cell of Tolypothrix lanata. 

A, cell in the voKetative state: c, cytoplasm; n, nuchms; /, fat droph‘ts; p, phycocyanin 
and chlorophyll granules; «, slime globules; y, granuhhs of cyjinophycin. B, four stages of 
cell-division in Tolypolhrix, showing transverse division of chromosomes. (\ di.agram 
showing 6 stages of cell-division. {After Kohl, 1 <)().{.) 


toward tho coll wall, and that they arc withdrawn at tht' tini(‘ of nuclear 
division. Tho nucleus, which contains chromatin, also includes a num- 
ber of large Zentralkorner, or slime globules, while in the cytoplasm are 
fat droplets, cyanophycin granules of reserve albumen, and granules of 
(‘hlorophyll and phycocyanin. The nucleus, which is very rarely in the 
resting state, divides as follows: the chromatic material forms a spireme 
which segments into a definite numb(*r of chromosomes; these lie in tho 
direction of the long axis of the cell and break transversely as tho separat- 
ing wall grows inward from the periphery. Their halves are thus in- 
cluded in the two daughter cells, where they form daughter nuclei without 
membranes. 
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Olive (1904)^ finds that the nueleus of Oscillaloria (Fig. 71) consists 
of a fibrous achromatic framework with a number of very small chroma- 
tin granules, and is iKwirly always in some stage of division. A spireme 
is formed carrying 10 chromatin granules (<S in Glccocapsa and 32 in one 
species of OsciUatoria), each representing a chromosome. The spireme 
and its chromatin granules are split longitudinally, and the daughter 
spiremes with the daughter granules separate, a distinct ccmtral spindle 

The dividing wall is formed as a centripetally 
growing partition. In Glwocapsa the cell di- 
vides by simple constriction. Th(^ vegetative 
nuclei of Oscillatoria very rarely approach 
the resting condition, but in spores and 
hct(‘rocysts they soon pass into this state, a 
nuclear membrane and vacuole being de- 
veloped. In the heterocyst the protoplast 
disorganizes. Olive regards the central hotly 
of the Cyaiiophyt^eaB as not essentially different 
from the nucleus of the higher plants, although 
it is relatively primitive in several features. 
In the cytoplasm he finds both cyanophycin 
granules and slime globules, but no cyano- 
jdasts, the coloring matters being diffused in the peripheral portion 
of the proto|)last. 

Fischer (1905), in rei)ly to the claims of Kohl and Olive, reasserted 
his view that the central body is not a nucleus, but rather an accumulation 
of carbohydrate materials. The glycogen formed as a result of assimila- 
tory activity gathers in the central body where it is transformed into 
iinother carbohydrate, anaheniri, which assumes the form of sausage- 
shaped structures. At the time of cell-division these masses of reserve 
material are distributed by a process of ‘'pseudomitosis'' to the daughter 
(;ells. Fischer therefore regards the mitotic figures observed by others 
as significant in connection with nutrition rather than with the functions 
usually attributed to nuclei. 

Gardner (1906), investigating a number of species, found nuclei of 
three kinds, which he called the diffuse type, the net karyosome type, 
and the primitive mitosis type respectively. The “diffuse type" of 
nucleus, which has no very definite delimitation from the peripheral 
portion of the protoplast, contains an indefinite number of chromatin 
masses. As the cell divides this central aggregation of chromatic material 
divides into approximately equal portions. In the “net karyosome" 
type, found in Dermocarpa, the distinction between the nucleus and the 
surrounding cytoplasm is much clearer. The nucleus has an achromatic 

^ A very convenient tabulation of the results of researches on cell structure in the 
Cyanophyceae up to 1904 is given by Olive. 


extending l)etween them. 



in Oscillatoria Froeiichia. 1, 2, 
ih 4, four successive stages. 
(After Olive, 1904.) 
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network witli .^Inomatin Kranul<‘s at, il.s nodes, aiul eonstricts sininltan.-- 
ously into a large number of daughter nuelei whieh jiass to the eonidia. 
In Synochocystis aquatiUs occurs tho ^‘primitive mitosis’^ type: Iumv 
G ardner found the only ease of anytliing ap|)roaehing mitotic beJiavior. 
A spireme develops and segnumts into three iiieees whieli arrange' them- 
selves parallel to the long axis of the' cell and divide transversely; tlie 
daughter pieces then seiiarate and a ec'ntripetally growing cell wall 
completes the division of the (ell. Gardner thus finds in th(( Cyano- 
phyeeiB a series of nueh'ar struct uk's, b('ginning with a very simph' 



Fiti. 72. Tho iiucloi of vtirious inoiiilx'rs of the ( ’hrooooccjiciGo. 


A, coll of Chroococcus Luruidufi with scjittorcd iiiotticliroiutitin Knuiulo.s {ni) find 
tic microsoirios ; division boginiiinK- X 2.'>00. B, cell of nVocorayt.sa with chronijitic 
graiiulos. C, Mcrisniopcdia elegana, shttwing two stjigtbs of nuclear division. X 
D. (Jhroococcus niacrococcus: n, niH’lotis; 7n, nndachrorn.atin ; v, vaicuolo. X 27)00. E, 
dividing nucleus of (Jhroococcus macrococcus. X 2r)00. {After Acton. lOM.) 


form of nucleus scarcely (lifferentiated from th(‘ surrounding cytoplasm 
and dividing by simple direct division'' and passing ‘M)y v(ny gradual 
steps to a highly differontiated form of nucleus which in dividing shows 
a primitive type of mitosis, and in structure approxiniat(‘s the nucleus of 
the Chlorophycea 3 and the higher plants." 

In a more recent investigation of the Chroococcacc'ae Miss Acton 
(1914) finds that the nucleus is in general much simpler than that of th(‘ 
higher plants. Like Gardner, however, she points out a series beginning 
with a form in which definite organization is almost entirely lacking and 
ending with one in which the structure of the higher plant nucleus is 
closely approached (Fig. 72). In Chroococcus turgidus the protoplast is 
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up of a ground subslaiici* with a n‘(i(*uhim Ix'arinj^ bodies of two 
sorts: granules of meiachrotnaiin closely similar to chromatin in reaction, 
and cyanophycin granules, or plasmatic ynicrosomes. Although there is 
no definitely delimited central region in the cell the metachromatin is 
found mostly at the center and the cyanoi)hycin mostly nearer the pe- 
riphery. When the metachromatin granules b('comc numerous division 
sets in, a centripetally growing wall cleaving the protoplast into two 
daughter cells. In Gloeocapsa the central region is somewhat more definite 
and may often show a spireme-like appearance such as Olive descrilx's; 
but this may possibly be an artifact. In Merismopedia elegans then' is a 
definitely delimited nucleus, not like that of the higher plants but merely 
an accumulation of chromatin or chromatin-like material which divides 
just before the cell constricts into two portions. In Chroococciis macro- 
coccus, finally, the nucleus and cytoplasm arc sharply distiiud, the fornu'r 
having a reticulum with chromatin granules at its nodes and dividing 
by a sort of constriction at the time of cell-division. 

As a result of these observations Miss Acton advances a theoiy of the 
evolution of nucleus and cytoplasm, which is briefly as follows. The 
excess food elaborated by the protoplast with its pigments was first 
stored as plasmatic microsomes composed of a carbohydrate, cyano[)hy- 
cin. As the reserve material became more complex in nature the nucleo- 
protein metachromatin was elaborated; this became aggregated at the 
center of the cell, insuring its ccpial distribution in (‘ell-division, as in 
Merismopedia. There thus arose in the cvM a physiological and mor- 
phological differentiation, the nucleo-protein with its portion of the 
supporting reticulum becoming a stable nucleus, as in Chroococcus 
macrococcus, and the ground substance remaining as the cytoplasm. 

Suminariy. — In the Cyanophyceac, therc'fore, although these forms in 
all probability had nothing directly to do with the evolution of the higher 
plants, we see a series of stages such as may well have occurred in th(^ 
(‘volution of the nucleus and its complicated mitotic division. In the 
simplest forms the material concerned with those cell activities which 
in higher organisms are associated with the nucleus, is scattered through- 
out the cell without the morphological distinctness characteristic of an 
organ in the strict sense. It is passively distributed to the daughter 
cells when the cleavage wall is formed at the time of cell-division. In 
other cases this material reacts more strongly like true chromatin and 
may form a more or less definite aggregation separating into two masses 
as the cell divides. This metachromatin, which is a nucleic acid com- 
pound, has also been observed in other alg«, in Protozoa, and in fungi, 
including the yeasts. It appears to represent a reserve material, though 
it may also have other functions. Finally, definite and well organized 
nuclei are present in certain of the forms described in the foregoing 
pages, and although these nuclei may lack some of the features exhibited 



207 


or U Eft MODES OE M i^LEAE DIVISIOX 

by the nuclei of liinlicr organisms, they show in the division anil distribu- 
tion of their chromatic .dements many of (he characteristics of true 
nil osis. n the evolution of the nucleus through such ii series of stages 
W(, lave an illustiation of the concept ion of cell structure which iiu- 



Fia. 7'S . — Nuclear division in Protozoa. 

A, one form of mitosis in AnKtha diplomitoUca. (From Minchin, after Araoao.) Ii, 
Nuclear division in Coccidiiwi schuheryi. X 2250. (From Minchin, after Schaudinn.) 
C, mitotic division of rnicronuclcus of Paramoecium (horizontal figure on smaller scale 
than others.) (From Minchin, after Hertung.) 

plies differentiated regions of a colloidal system in which special processes 
have become localized and tend to remain fixed (Harper 1919). 

' Protozoa. — Such an apparent derivation of mitosis from a simpler, 
more indefinite division of a less sharply delimited mass of special 
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chromatic substance is scon also in the protozoa. Here the chromatic 
material in a number of species is held together in loose granular aggrega- 
tions, and the achromatic figure is seen in curious, relatively simjjlc 
manifestations. In many cases, however, even among the Rhizopoda, 
there occurs a very advanced type of mitosis, with spindle, centrosomes, 
asters, and a definite number of chromosomes. 

One of the simplest types of nuclear division found among the [)ro- 
tozoa is known as ^bdiromidial fragmentation.’’ Here the nucleus is 
resolved into a large number of chromatin granules, or chromidia, which 
reassemble in two or more groups and form new nuclei. In nucha of the 
“vesicular type,” found commonly among the Microsporidia, the chroma- 
tin is concentrated in a single large body, or karyosomc, which becomes 
dumbbell-shaped and divides, the rest of the nucleus then dividing also. 
In other forms, such as Coccidium (Fig. 73, R), the nucleus contains in 
addition a second kind of chromatin which is approximately halved in 
nuclear division. It is but a short step from sucdi non-initotic division 
as this to the simplest types of mitosis (“promitosis”) seen in many 
protozoa. Within the group arc found all gradations in complexity 
from such primitive modes of division up to the advanced types showing 
a complete achromatic figure with chromosomes which arc regular in 
form, number, arrangement, and division, just as in the higher animals. ^ 

Both Metcalf and Kofoid (1915) have emphasized the fundanKUital 
similarity of protozoan and metazoan nuclei. The process of mitosis 
has the same succession of phases in the two cases, though many minor 
variations occair. In some representatives of all the main groups of 
protozoa are found clongat(‘d chromosomes which Metcalf regards as 
linear aggregates of chromatin granules, and which split longitudinally, 
giving exact equivalence to the daughter-nuclei. Although the c(dl 
mechanism of Mcndelian inheritance is thus held to be present in iiKunbers 
of each great protozoan group and to operate as in the metazoa at the 
sexual stages, Metcalf {relieves this mechanism is not k(?pt intact through 
the vegetative phases as it is in the higher groups. 

Other Cases in Plants. — With regard to the myxomycetes, the 
researches of Strasburger (1884), Harper (1900), Jahn (1904, 1911), 
Olive (1907), and Wingc (1912) have shown that nuclear division is 
essentially mitotic, and that in some cases the chromosomes are not 
only definite in number but undergo a reduction prior to spore formation. 
As an example of an exceptional condition may be taken Sorodiscus 
(Fig. 74, A), in which Winge describes two sorts of chromatin: vegetative 
trophochromatin and generative idiochromatirij the two forming a single 
mass at the center of the nucleus. As nuclear division begins this mass 
takes the form of three or four bodies very similar to chromosomes. 

‘ For a description of mitotic phenomena in protozoa see Minchin (1912, Chapter 
VII). 
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. 1 the centei and the Kenca'ativc or idioehroinalin lyiiifr like a thin 

equatorial plate around it.” A.s the nueleu.s elon^ati-s Uie tropho- 
ehromatin body becomes dumbbell-shaped and breaks ink) two, wl,il,. 
the Khochromatm plate splits into daughter plates which apparently 
move to the poles and (a.«,,crafc with the t rophochromat in in the forma- 
tion of the daiijj^hter lUK^ha. 



Fit;. 71. 

/I, two Rfitmes of mitosis in Sorodisn/s. {A/frr W'inf/r, l'M2.) /i. umipliMsc of nncI(>Mr 

(livisioii in Euolrna. C 'hroinosomos ki’oii|H‘( 1 about (lividiny; “ micIoolo-ccMitrosomt*.” 
{After Kruteth, 1895.) C, cliromosmnes (Icvolopintj: frt)m miclt'oliis in Spirofji/rd. X 1555. 
{After Berths, 1909.) D, Mitosis in Spiropi/rd erd.ssn. {After M< rnnidti , 1915.) 

A process with inuch the same appearance at certain statues is seen in 
the flagellate, Euglena (Keuten 1895) (Fig. 74, B). Here the cliromo- 
sornes group themselves abouf the large nucleolus wliich soon takes the 
form of a dumbbell-shaped ‘‘central spindle’’ or “ cent rodesmos(‘.” 
The nucleolus com{)lctcs its division, the chromosomes meanwhile 
separating into two groups which pass to the poles and r(‘organize the 
daughter nuclei. In certain other flag(41ates Kofoid (1015) re[)orts a 
split spireme and a definite number of chromosomes which differ markedly 
in size and shape. 

In Cladophora (Carter 1919) nearly all the chromatin is contained in 
one or more large chromatin nucleoli, or karyosomes. After the nunKu- 
ous chromosomes have arrived at the two poles at the close of the ana- 
phase the spindle connecting the two groups constricts and complett's 
the division of the nucleus. 

Another unusual condition is found in Spirogyra (Fig. 74, C, D). 
In this form nearly all of the chromatic material is lodged in the large 
nucleolus, the nuclear reticulum being very delicate and almost invisible 
in many preparations. According to Berghs (1906), Karsten (1908), 
and Trondle (1912) all the chromosomes which appear in the prophase 
and split as usual are derived from this nucleolus, most of its material 

14 
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being used in their fornuition. In the opinion of Miss Merriinan (1913) 
the chromatic bodies observed by the above workers aix^ not true chromo- 
somes, but are rather more indefinite chromatic aggregations which arc 
variable in number and appearance, and which are irregularly pulled 
apart as mitosis proceeds. She finds here ^‘no evidence throughout the 
karyokinesis of an equational division of autonomous bodies.” 

In Zygnema both Escoyez (1907) and van Wisselingh (1914) find that 
the reticulum, and not the nucleolus, gives rise to all the chromosomes. 
Although the nucleolus furnishes no morphological element, chromatic 
material may flow from it to the chromosomes as they develop from the 
reticulum. Much the same condition is found in Marsilia (Strasburger 
1907; Berghs 1909). Strasburger points out that in the somatic nuclei 
(in the cells of the root and the young prothallium) most of the (diromatic 
substance is held in the nucleolus during the resting stages (Fig. 17, E), 
and that the material of the reticular framework, which is very delicate, 
is to be regarded as the sul)stance of importance in heredity. Berghs 
shows that the nucleolus consists of an achromatic substratum which 
appears independently of the reticulum in the telophase and soon becomes 
impregnated with chromatic material transferred to it from the chromo- 
somes. In the next prophase the chromatic material flows back to th(‘ 
delicate reticulum, from which the chromosomes gradually develop. As 
the chromosomes increase in distinctness the nucleolus becomes paler, 
and when the nuclear membrane breaks down the nucleolus dissolves in 
the protoplasmic liquid. It is therefore clear that in Marsilia the nu- 
cleolus is not a mere aggregation of the chromosomes of the telophase, as 
might at first be supposed. The chromosomes arise from the reticulum 
as usual, and not from the nucleolus as reported for Spirogyra. In these 
observations we have additional evidence favoring the view of Haecker, 
Boveri, Marechal, and others (see Chapter VIII) that it is the achromatic 
substratum of the chromosome, and not the chromatic substance which 
it carries, that should be regarded as the persistent stria tural unity 
representing the basis of inheritance. 

Amitosis. — In amitotic or direct nuclear division the nucleus simply 
constricts and separates into two portions while in the “resting” condi- 
tion, no condensed chromosomes, centrosomes, spindle, or asters being 
formed. As a general rule such a division of the nucleus is not followed 
by a division of the cell; cells with two or more nuclei therefore commonly 
result. As examples may be cited the tapetal cells in the anthers of 
angiosperms, the intcrnodal cells of Chara (Fig. 75) (Johow 1881), and 
(certain glandular cells of animals. The presence of more than one 
nucleus cannot by itself be regarded as evidence that amitosis has 
occurred, however. Amitosis appears to be of rather frequent occurrence 
among the lower organisms, some of which show otlun’ methods of divi- 
!4pn also. For example, amitosis occurs regularly in budding yeasts. 
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though tho divisions giving riso to th(‘ ascosporo nuch'i liav(‘ Ixmmi shown 
to be mitotic in certain cas(*s. (See (Jiiillierniond 1920.) Ainitosis 
was once believed to l)e the normal mode of miclear division, mitosis 
being looked upon as very exceplional. The true condition, so far as 
higher organisms are concerm'd, has turned out to l)e (piitc' the n'verse: 
it is evident that amitosis occurs frecpamtly in certain kinds of cells, but 
the mitotic method of division has Ix'cn found to be 
almost universal. 

What the physiological significanc(‘ of amitosis 
may be is not well known. It was onc(‘ suggest (ul 
(Chun 1890) that it aids the process(‘s of metabolism 
by increasing the nuclear surface^ in th(‘ cell, sinc(‘ 
it is of such frequent occurrence in c(‘lls with a dis- 
tinctively nutritive function. This view has reccmtly 
been restated by Nakahara (1917) as a residt of his 
work on the larva of PierisJ The most generally h(‘ld 
opinion regarding amitosis in tlie higher organisms 
was for many years that express(*(l by Flemming 
(1891), namely, that it r(‘pr(‘sents a d(‘g(m(‘ration 
phenomenon or aberration of soni(‘ kind, which would 
explain why it is so often found in degfUKuating and 
pathologicaU tissues. In the words of vom Hath 
(1891), ‘^when once a cell has undergoiK' amitotic 
division it has received its death-warrant; it may ind(‘(‘d continm 
divide for a time by amitosis, but inevitably p(‘rish(‘s in tin* (md.’’ 

That the view of vom Rath must be modified has beim indicated 
the results of a number of investigations. For instance, Pf(‘ff(‘r (1899) 
and Nathansohn (1900) found that if Spirogyra filaments are plac(;d in a 
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>2 to 1 per cent solution of eth('r the nuclei divide by amitosis only, and 
that when the filaments are returned to pure water the mitotic method 
of division is resumed, with no evidence of degeneration. Haecker, how- 
ever, working on the eggs of Cyclops, came to view such artificially in- 
duced behavior not as true amitosis but rather as a much modififal 
mitotic division, which he termed '^p.seudoamitosis.” ()th(*r cytologists 
observed nuclear divisions that seemed intermediate in character betwcMui 
mitosis and amitosis (Dixon in the endosperm of Fritillana, 1895; Sargant 
in the embryo sac oi Lilium, 1896; R. Hertwig in Aciinosphmrium, 1898; 
Buscalioni in the endosperm of Corydalis, 1898; and Wasielewski in tin; 
roots of Vida f aha, 1902, 1903). Hertwig accordingly concluded that 
mitosis and amitosis arc separated by no shafp boundary line, but are 
connected by an unbroken series of transition stages. 


1 In a second paper (lOlS) Njikaliara give.s a convenienf review of the literature 
of the subject. 
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As a result of his recent r(‘searches on ehloralized cells (Fiji;. 76) 
Sakamura (1920) interprets all such unusual types of nuclear division as 
those described by ITertwig and Wasielewski as tlu^ effect of disturbed 
mitotic division, but denies the claim of those authors that such types 
of division represent actual transition stages between arnitosis and 
mitosis. True arnitosis he n'gards as a fundamentally different process, 
and as essentially a degcuK'ration phenomenon. 


r- 



Fkj. 70. — Al^norinal mitosis in ehloralized root cells of Vida. 


/I, chromosomes tlistributed irregularly in cell. li, scattenMl chroTuosomes beginniiiji to 
as.siime nuclear form. (', nucleus rec()nstructed by scattered chromosome;^ D, scattered 
chromosomes reconstriK’tiny; d se{)arate nuclei. E, chromosonu's recoristructin^; 2 nuclei 
connected by bridge. F, amitosi.s-like appearance resulting from condition shown in E. 
{After Sakamura, 1020.) 


On the contrary, Dos Cilleuls (1914) reports that in the rabbit 
pc'riods of arnitosis and mitosis succeed each other regularly in the same 
cell lineage without affecting the vitality of the ctdls. In his opinion, 
therefore, arnitosis does not necessarily place tlie stigma of senescence 
upon the cell. A similar conclusion is reached by Arber (1914), who finds 
arnitosis supplementing mitosis in the early growth stages of the leaves 
and adventitious roots of Stratiotes aloides; and by McLean (1914), who 
asserts that it is the sole method of nuclear division in the cortical 
parenchyma of several aquatic angiosperrns. Sagiudii (1917) likewisf^ 
states that the nuclei in the ciliated cells of vertebrates divider by arnitosis 
only. 

Arnitosis and Heredity. — One of the most important thcoretir^al (ques- 
tions raised by the phenomenon of arnitosis is that of the effect which 
the process may have upon the hereditary mechanism of the cell. Ac- 
cording to the chromosome theory of heredity and dev(4opmcnt in its 
usual form it has been thought that, although arnitosis may occur in 
connection with an altered metabolism in c(41s not to undergo fur then* 
differentiatiorr, mitosis must occur exclusively in the germ c(41 lineage, 
in order that the chromosomes and the hereditary elements they con- 
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tain shall be properly distributed to the reproductive cells; and also in 
developing tissues and organs, so that differentiation may pn)(‘('ed nor- 
mally. On the other hand, several workers (Mev(‘s; Flennning in his 
later papers) admit that amitosis may not ath'ct any henalitary powers 
which the nuclei concerned may possess. Child (1907, 1911), who re- 
ports amitosis in both the somatic, and giMin cells of certain animals, 
where it appears to play an important role in the develo])m(‘ntal cycle, 
strongly urges that such facts rend(‘r 1h(‘ hypoth(‘sis of chromosome in- 
dividuality highly improbable, and that our conce{)tions of tin* role of 
the cell organs in heredity must b(‘ gr(‘atly alt ('red. 

The hopelessly unsettled state of opinion on this (pu'stion may be 
illustrated by the list of authors and their views cit('d ])y Conklin (1917). 
That amitosis fretpicntly occurs in the jii'ocess of normal cell differ- 
entiation, and therefore constitutes evid(‘nc(‘ against tli(' chroinosoim^ 
theory, has been held by Nathansohn (1900), Wasielewski (1902, 1903), 
Gurwitsch (1905), Hargitt (1904, 1911), diild (1907, 1911), Patterson 
(1908), Glaser (1908), Jordan (1908), J()rg('nsen (1908), Maximow (1908), 
Moroff (1909), Knoche (1910), Nowikolf (1910), and Foot and Btrobc'll 
(1911). Several of these investigators, together with R. Il(‘rtwig (1898), 
Lang (1901), Calkins (1901), H('rl)st (1909), Godlewski (1909), and 
Konopacki (1911), see no principal distinction betwea'n amitosis and 
mitosis, believing that both may occur without inl('rf('ring with normal 
differentiation. 

Haccker (1900), Neiiu'c (1903), and Scdiillcr (1909) dissented from the 
above view, whhJi was also strongly (‘ontc^sted by Roveri (1907) and 
Strasburficr (1908). Ri<-hards (1009, 1911) and Harman (lOlO) failed to 
confirm the results of Cdiild on amitosis in cestodes, l)ut Child (1911) 
reasserted his view, which wa.s .supporteil by Young (1913). Schiirhoff 
(1919) working on Podocarpm, emphatically state.s that a nucleus which 
has oilcc undergone true amito.sis i.s incapable of dividing mitotically. 


Sakamura (1920) is of the same opinion. 

In a careful study of maturation and cleavage m Crepidula plana 
Conklin (1917) finds that the nuclei divide only by mitosis. There arc 
many apparent casc.s of amitosis, but uiioii careful examination they all 
prove to be only various modifications of the regular mitotie process. 
Such modifications arc these ; the scattering of the chromosomes and their 
failure to unite into a single nucleus; mitosis without cytokinesis, giving 
cells with two or more nuclei; the failure of certain daughter chromosomes 
to pull apart, leaving a chromatic bridge Iretwcen the daughter nuclei; 
the persiLnee of the nuclear membrane, with a division of the chromo- 
somes by mitosis and of the nuclear vesicle by constriction. Conklin 
concludes as a result of his many observations and an examination of 
the evidence offered by others, that there is not known a single conclusive 
case of true amitosis in a normally differentiating cell, and that all attacks 
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upon the chromosome theory on the ground of amitosis have signally 
failed. The results obtained by Sakamura (1920) in his study of modi- 
fied mitosis in chloralized plant cells are strikingly similar to those of 
Conklin, and his conclusions regarding the chromosome theory are es- 
sentially the same. 

From the foregoing it is evident that the problem of the effect of 
amitosis upon the differentiation of the tissues in whicdi it occurs and 
upon the hereditary powers of the nucleus is by no means easy of solution, 
and that much care must be used in interpreting supposed amitotic phe- 
nomena in fixed preparations. The work of Conklin and Sakamura has 
shown clearly that many of the phenomena reported as amitosis are in 
reality aberrations of the mitotic process, and that the opinions of many 
writers are undoubtedly due to a failure to recognize this fact. Should it 
be proved, however, that true amitosis may occur in the lineage of 
normally functioning germ cells a serious obstacle would be placed in the 
way of the chromosome theory of inheritance in its current form, for this 
theory requires that, no matter what hap|)ens in cells not in the direct line 
of the germ cells, nuclear division in this line must be exclusively mitotic 
in order that the hereditary mechanism in the nucleus shall be preserved. 
This mechanism, as we sliall s(‘e in later chapters, is supposed to be of 
such a nature that amitosis would seriously derange its organization. 
In each daughter nucleus of an amitotic division some of the elements 
necessary for normal functional activity would presumably be lacking, 
owing to the simple mass division of the chromatin. With reference to 
this point it has been contended by Child that the nucleus is a dynamics 
system capable of regenerating its lost parts and “producing a whole’’ 
after amitosis. But it is a well established fact that when chromosomes 
are lost in abnormal mitotic division they are not regenerated by the 
daughter nuclei (non-disjunction; Chapter XVII). 

In this connection an experiment performed by Chambers (1917) is 
of interest. This investigator succeeded in pinching the nucleus of an 
animal egg into two pieces. The two “amitotic” nuclei so produced 
reunited upon touching, after which the egg was fertilized and passed 
through the early cleavage stages in the normal manner. It is known 
that the character of these early stages is largely independent of the 
nuclei present, being the outgrowth of an organization already present 
in the egg cytoplasm. (See Chapter XIV.) The later stages, in which 
the effects of the hereditary constitution of the nucleus appear, were not 
reached in the present experiment. Moreover, the entire chromatin 
outfit was present in the reunited nucleus, which is not supposed to be 
true of a daughter nucleus of an amitotic division. From this experiment, 
therefore, it can only be concluded that whatever disturbance of the 
spatial arrangement of the nuclear elements may have been caused by 
the temporary separation of the nucleus into two parts, it had no serious 
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on iJio nut rit iv(‘ I unci ions {mm iornKMl by j|u‘ nucl(‘us during' (lie 
early cleava^i^o sta|i^('s. J)(‘vclojuncnt did not proccunl far (‘noufjjh to 
warrant any conclusion regarding!: the eff(‘ct upon th(‘ role of the nucleus 
in differentiation and inheritance. 

Although what probably repri'scuits ainitosis has bi'en observaal in 
young germ cells, it has not been shown with certainty in any cas(‘ that 
descendants of these aniitotically dividing nuclei become tin' nuclei of 
normally functioning gametes. To gain conclusive evidcuice for such an 
occurrence it would be necessary to trac(‘ the descendants of the amitotic- 
ally dividing nuclei through to particular gametes or spores and then to 
note the effect upon the individuals [)roduc(‘d by them. This would be a 
matter of extreme experimental difficulty, and not at all possible in 
most organisms. If it were successfully accomplished and the individuals 
were found to be normal in every respect, not only in the cleavage stages 
but throughout development, the nwision of th(‘ chromosome theory 
which various workers have advised would at once become lU'cessary. 
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THE REDUCTION OF THE CHROMOSOMES 

Ihe siil)je(:t of chroniosornc roductioii is ono of tlio most important to 
be met with in th(' study of cytology. Many of thi' problems, both theo- 
retical and practical, upon which biological inva‘stigators are expending 
their most intense efforts seem to be bound up directly or indirectly with 
the reduction of the chromosomes. Th(‘ essential feature of r(‘ducti(>n is 
relativel^^ simple in nature, ami must thoroughly graspcal in order that 
the discussions in the following chapters may be intelligible'. The entire 
process by which reduction is accomplishe'd, on the* othe'r hand, is v('ry 
complicated and extremely difficult to observe and interpret with any 
degree of confidence. In spite of tin' enormous amount of work already 
done there still exists mu(‘h difference of opinion r(‘garding some of the 
significant steps in the series of changes umh'rgone by the nuch'ar mah'rial. 
In the present chapter a num})er of these opinions will be r('vi(‘wed, but 
our main purpose will be to make clear the fundaim'ntal h'atun' of chro- 
mosome reduction. 

We have seen that all th(‘ cells of the body in a giv(‘n speci('s an' char- 
acterized by the presence of a certain numl)er of chromosomes in their 
nuclei, and that this numlx'r is held constant throughout dev(*lopment by 
an equational division of every chromosome at every somatic mitosis. 
When we speak of ‘T'eduction” we ordinarily refer to tlu' fact that at a 
certain stage in the life history of the organism the number of chromosomes 
is reduced one-half. This mere change in th(‘ numlx'r of chromosomes, 
though very important, is not in itself the essential feature of th(‘ reducing 
process, as will be seen further on. The whole number is reston'd at th(' 
time of fertilization, when two nuclei, each with th(^ reduced number, 
unite. In all organisms reproducing sexually reduction and fertilization 
thus represent the two most critical stages in the life cycle so far as tlu' 
chromosomes arc concerned; hence the exhaustive n'searches on thc'se two 
processes. 

Discov6ry. — The discovery of reduction was made l)y van Bencden, 
who in 1883 announced that the nuclei of the egg and spermatozoon of 
Ascaris each contain one-half the number of chromosomes found in the 
body cells. Although van Beneden and other early workers believed that 
the change in number was brought about by the simple casting out of half 
the chromosomes during the growth of the germ cells, it was soon shown 
that this view was incorrect, and that reduction is effected by a rearrange^ 
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rnent and reAliMributi of the ?iuciear substance without loss of Miiy of its 
essential constituents” (Wilson 1900, p. 2:13). 

In plants the discovery of reduction came somewhat later. Stras- 
burger in 1888 showed that in angiosperms the number of chromosonu's in 
the egg and male nuch'i is fixed by a reduction occurring in the mother- 
cells of the embryo sac and pollen r(\spectiv(dy. This was at once con- 
firmed by Guignard (1889, 1891). K. Overton (189:3) found that 1h(‘ 
female gametophyte cells in th(^ cycad, Ceratozaniia, have half the numl)(‘r 
of chromosomes found in the cells of the sporophyte. He further sug- 
gested that redmdion probably occurs in the s[)orocytes in mosses and ferns. 
In the liverwort, Pallairicinia, Farmer (1894) found th(‘ gametophyte cells 
to have four chromosomes and the sporophyte cells eight. That Overton’s 
theory of a reduction in the sporocytes of bryophytes aiul pteridophytes 
was correct was demonstrated by Strasburger (1894), who postulated 
the occurrence of a periodic redindion of the chromosonu's in all organ- 
isms reproducing sexually. 

The Stage in the Life Cycle at which Reduction Occurs. — The reduc- 
tion of the chromosomes is ac(a)mplished during the course of two nuclear 
divisions which, since in animals they have to do with the maturing of the 
gametes, early came to be known as the maturation diinsums. because 
of its peculiar character the first of these divisions was termed th(' hetero- 
typic by Flemming (1887), while the second, which is essentially lik(^ a 
somatic division, was called the hoinccolypic (soiiKdirnes writtem honio- 
typic). Although the essential act of reduction usually occurs at thc^ first 
division, the entire process, to which the name 7 neiosis has been applical, 
is of such a nature that the second division is normally lu'cessary for its 
completion. As a result of the two divisions the ^T’educed ” nucha or ccdls 
are forriKal in groups of four, or tetrads, though all mem})ers of a t(‘trad may 
not function. The point in the life cycle at which these divisions take 
place in various organisms will now be noted. 

In, anunalSy almost without (exception, reduction ocamrs at ganudo- 
genesis (Fig. 77). In the male those cells {spermatogonia) in the testes 
whose ultimate descendants arc to become spermatozoa multiply by 
divisions of the ordinary equational type until a certain number are 
produced. These cells, now called primary spermatocytes, enlarge a litth' 
and quickly undergo two successive divisions: the first division in each 
is heterotypic and results in two cells called secondary spermatocytes; the 
second is homcjeotypic and divides the two secondary spermatocytes into 
four spermatids, each of which becomes transformed into a spermatozoon. 
The four spermatozoa are therefore the immediate result of the two 
maturation divisions. In the female the situation is somewhat different: 
here nearly all of the differentiation of the gamete is accomplished before 
the nuclear divisions bringing about reduction actually occur. The 
primary oocytes {ovocytes) are the descendants of a number of generations 
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of oogonki {ovoyonia). 'I'lic oocyfc, usually \vliil(> i(s luifh'us is in Mu- 
propliasns of lli(i first, maturation division, onlargcs nioatly (“urowtli 
period”), becomes filled with stored food, and dt-velop.s the soneral h'a- 
tiires characterizing the egg. The oocyte i.s now called the ‘‘ovarian (>gg,” 
and it actually i.s an egg in all resiiects save one of much imiiortance: its 
nudi'iis still ha.s th(‘ full numlx^r ol chromo.sonu's. At a comparativel\' 
late stage, in many easels even alter the spermatozoon has ('nli'red the egg 
at fertilization, the oocyte nucleus {(itriniiial I’esicic), having jiassed 
through some of the prophasic changes characteristic of the heterotyiiic 



Fig. 77. — Dijignini sliowiiiK tho lii.story of the chroriiff.somos in the onlinnry 
life* cycle.s of nnim.il.'^ ainl plants. 


mitosis before and during the growth p(‘riod, gives rise to a mitotic* figun* 
which is often surprisingly small for the volunu* of tht* nucleus. Tlu* 
spindle takes up a position perpc'iidicular to the surface* of the cell, and at 
telophase the chromosomes passing to the* out(‘r pole are includ(*d in the* 
first polar body, a small cell buddetl off at this point. (S(‘(‘ hig. lOG.) A 
second spindle is rapidly form(*d about tin* chromosonu's remaining in 
the egg (called at this stage the secondary oocyte) and the second matura- 
tion mitosis occurs, one daughter nucl(‘us being includc'd in th(i second 
polar body. In the course of these two divisions chromosome reduction 
is accomplished. The first polar body may divide to form two, thus 
completing the tetrad of cells corresponding to the tetrad of spermatozoa 
in the male. Although the polar bodies arc normally functionh'ss tln^y are 
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^(‘iu‘r{illy looked uj)()U jis hisloricaliy : llu‘ inaiiiriiiioii divisions 

probably resulted foiinerly in a t(‘trad of (‘j!;gs, vvlien'as now only one 
relatively large and highly dilferentiated egg is produced at the expense 
of the other three cells, which remain small and functionless. 

Among the protozoa (see Minchin 1912) it has been found that in 
those forms which appear to have their chromatin aggregated into no 
definite number of chromosoim's, there often occur two successive nuclear 
divisions suggestive in certain respects of maturation divisions, a part of 
the products then degemerating. Some have regarded this as a ^'casting 
out of effet(^ vegetative (diromatin/^ an interpretation which was at one 
time placed upon the maturation process generally. In many cases this 
^‘reduction” of the chromatin occurs immediately prior to syngamy 
(sexual union), ‘ and so agrees with reduction in higher forms in taking 
place at gametogenesis; but in other cases it immediately follows syngamy, 
as in certain alga) mentioned below. Other protozoa have been shown to 
have a definite chromosome nundDer which is regularly reduced in a man- 
ner essentially comparable to that in the metazoa. 

In plants it is among the members of the lower groups (thallophytes) 
that a striking diversity is shown in the stage of the life cycle at which 
reduction takes place: in th(‘ groups above the thallophytes it is regularly 
accomplished at sporogenesis. In the myxomycete, Ceratiomyxa, it 
has been shown by Olive (1907) and Jahn (1908) that spore formation is 
accompanied by a chromosome reduction. In the green algae it is in the 
first two divisions of the zygote (either a zygospore or a fertilized egg) 
that reduction occurs: this has been definitely established in Spirogyra 
(Karsten 1908; Trondle 1911), Zygnenia (Kurssanow 1911), Coleochcete 
(Allen 1905c), and Cham (Oelkers 1916). In a number of other forms, 
such as Ulothrix, CEdogonium, Spharoplea, and Closteriimiy in which the 
chromosomes are not well known, it is probable that the same condition 
holds, since the zygote upon germination gives rise with considerable 
regularity to four cells; in some cases {(Edogoniurn) these four cells are 
zoospores. 

In the BROWN al(;.e Cutleria (Yamanouchi 1912), Zanardinia (Yama- 
aouchi), and Ectocarpus (Kylin 1918a) reduction occurs in connection 
vith zoospore formation. In Fucus, however, an exceptional condition 
is found: here reduction takes place in the antheridium and oogonium 
nitials, in the first two divisions following the one delimiting the stalk 
‘ell (Fig. 78, B). Since there are only three divisions in the oogonium, 
vhich thus produces eight eggs, the eggs are but one division removed 
rorn the four products of the maturation mitoses, a condition closely 
approaching that in animals. That reduction in Fucus is associated 
vith gametogenesis was inferred by Strasburger (1897) and Farmer and 
Yilliams (1898) and demonstrated by Yamanouchi (1909). 

^ Soe the cases of Actinophrys sol and Afnwba albida, Chapter XIl. 
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In the RED ALCJiE rednetion occurs in the two divisions differenliatinji: 
the nuclei of the tetraspor(\s when the latter are prc'sent in tin* lif(' history. 
Such is the case in Polysiphonia (Yanianouchi lOOh) (Fijr. 78 , ,4)^ t/r/- 
Jfithsia (Lewis 1909), and Corallina (Yamanouchi). The brown algic 
Dictyota (Williams 1904) and Padina (Wolfe 1918) also conform to this 
scheme. In Ncinttliony which has no tc'traspores, it was lonj^ sup[)os('d 
(Wolfe 1904) that reduction occmrs in conncadion with carpospore forma- 
tion, but Cleland (1919) has recently shown that 
it takes placie at the time the zygote germinates, as 
in so many green alg®.^ 

In the ASCOMYCETKs reduction occurs in thc^ 
course of the first two of the three mitoses initiated 
l)y the primary ascus nucleus (Figs. 22, Gl) and re- 
sulting in the eight ascosporc^ nuclcd. It was for a 
long time generally thought that there were two 
nuclear fusions in the life history — one in the archicarp 
and one in the ascus (see p. 290), and the three di- 
visions in the ascus w(‘re accordingly regarded as a 
process whose function was to reduc^c the “(puidri- 
valent^’ chromosomes to the univalent ciondition 
(Harper 1905; Overton 1900). Such a double reduc- 
tion was described by Miss Fraser (1907, 1908) for 
Ilumaria rutilans: the first mitosis she found to be 
heterotypic, the second homceotypic, and the third 
“brachymeiotic,’’ the last bringing about a further 
reduction by the separation of the chromosomes 
into two smaller groups. This was also reported 
for Otidea auranlia and Peziza veaiculom (Fraser and 
Welsford 1908), Lachnea slercorea, Ascohobis fujfura- 
ceuSy and Ilumaria granulata (Fraser and Brooks 1909), 
and Helvella crispa (Carruthers 191 1). Harper (1900, 

1905), although he thought two fusions occurred, found 
no double reduction, holding rather that the fusion of the two ascus 
nuclei and their chrornsomes is so complete as to render the quadrivalent 
character of the latter entirely invisible. Other investigators also find 
no double reduction in the ascus. They show rather that the first two 
mitoses correspond to the heterotypic and homo^otypic mitoses of other 
organisms, and that the third division is purely vegetative or equational 
in character. As instances may be cited the work of Faull (1905, 1912) 





Fio. 7H. 

A , pro p h H s (‘ of 

hotorotypio division 
in the tetraHporocyi(‘ 
of Polys i p h o n i a . 
( After Y a rnanouch i , 
1900.) R, propha.si* 
of heterotypic niito-sis 
in ooKoniurn of Fucus. 
{After Yamanouchi, 
1909.) 


1 For a review of sexual reproduction and alternation of generations in the alga? 
see Bonnet (1914). Davis (1910) gives a convenient summary of the life histories 
of the red algw. Dodge (1911) summarizes and compares thv life histori(‘s of red 
algte and ascomycetes. See Atkinson (1915) for a complete review of n'searcht^s on 
ascomycetes. For the cytology of the yeasts see Guillieriiiond 1920. 
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on Ilydnoboliteny Neotiella, and Lahoulbmia, and that of (dausscn (1912) 
on PyTouGMd. 1* urthcrniore, it is bocoining inci’oasingly apparent (see p. 
291) that there is but one fusion in the life cycle -that in tlie ascus, so 
that the necessity for a second reduction is removed. 

In the BASIDIOMYCETES it has been shown by th(' researches of Juel 
(1898), Maire (1905), Guillierrnond (1910), Kniep (1911, 1913), Levine 
(1913), and others on (lie liyinenornycetes, and by those of V. H. Black- 
man (1904), Gietel (1911), Fitzpatrick (1918), and others on the rusts,i 
that reduction occurs in the two mitoses giving rise to the four basidio- 



tid. 79. -Sexual fusion and maturation divisions in the basidium of 
Nidularia piriformis. 

a, two sexual midoi alnyit to unite, h, prophase of hetorotypi** division in fusion 
nucleus, r, hcterotyi)i(; mitosis, d, honicrotypic mitosis, e, th(! four basidiosoore 
nuclei. X bSOO. (d/ar F/ ic.v, 191 1.) 

spore nuclei (Fig. 79). As in th(' ascomycetes, it thus follows immediately 
upon the nuclear fusion: in the basidium in liymenomytHdes and in the 
teleutospore in rusts. An exct'ption is reported in the case of Hygro- 
phorus conicus, in which Fries (1911) finds in the basidium neither a 
nuclear fusion nor a reduction. 

In the BHYOPHYTES reduction, so far as known, is universally brought 
about by the two mitoses whitdi dilTerentiate the four nuclei of ejich spore 
tetrad. It was at one time reported (van Leeuwen-Rcijnvaan 1907) 
that in Polyirichum there is a second reduction at spermatogenesis and 
oogenesis: the sporophyte was said to have 12 chromosomes, the spore 
and gametophyte six, and the gametes three. This double reduction 
was thought to be compensated for by the fusion of the ventral canal 
cell with the egg, raising the number in the latter to six, in combination 
with the entrance of two sperms into the egg at fertilization, making the 
sporophytic number 12. This interpretation has been shown to be 
false by both Vandendries (1913) and Walker (1913), who find the life 
cycle normal in every respect: a reduction from 12 to 6 occurs at sporo- 
genesis but no second rediudion follows at gametogenesis. 

1 A suniMiary of researtdios on rusts is given by Maire (1911). A list of numbers of 
nuclei in the cells of basidioinycetes is given by Levine (1913). 
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In VAscuLAH PLANTS rocluction in all normal life cycles in both hoino- 
sporous and heterosporous forms occurs uniformly in the divisit)ns differ- 
entiating the spore tetrads (Fig. 77). The sporocytes, particularly the 
microsporocytes (''pollen mother-cells”), of the higher plants have long 
been favorite ol)jccts for the study of n^duction. Since the gainetophyte 
gcmeration in the higher plants is so abbreviated, reduction closely pn'- 
cedes fertilization in these forms. In the ordinary angiosperm embryo 
sac in which the eight nuclei are deriv(al from a single megaspore of the 
tetrad, the egg nucleus is removed from the product of reduction (mega- 
spore nucleus) by only three mitoses. In some cas(‘s, of which Lilium 
is the best known example, walls fail to form be- 
tween th(^ four megaspore nuclei (Fig. 80, 71), 
leaving them in a common cavity (embryo sac) 
where they undergo but one further division to 
produce the eight mu'lei of the female ganudo- 
phyt(L The egg here is conse(]uently removc'd 
from the product of reduction by a single 
mitosis. In one known case, Plumbagella 
(Dahlgren 1915), the four reduced nuclei, 
formed as in Lilium, divide no further, on(‘ of 
them functioning directly as the egg nucleus. 

Here, therefore, the condition characteristic of 
animals has been reached: (he gaiindc' nucleus is 
itself the din'ct piodiict of reduction, and the 
liaploid generation usually produced by the 
spore is eliminated. The male gaimdophyte 
also has undergone much abbreviation in higher 

plants, but the male nucleus is still removed from the reduct ion prodiud/ 
(microspore nucleus) by two mitoses. In no known case* docs the micro- 
spore nucleus function directly as a gamete nucleus. 

The term gonotokont was introduced by Lotsy (1904) to d(\signate 
any cell, whatever its origin or position in the life cycle, in which the 
reduction process is initiated. In animals the gonotokonts are therefore 
the primary spermatocyte* and tlu^ primary oocyte. In most gnarn alga? 
the gonotokont is the zygote; in the red alga? it is usually the tetrasporo- 
cyte; in the ascomycetes it is the ascus; in the basidiomycetes it is the 
basidium; and in the bryophytes and vascular plants it is the sporocyte — 
the microsporocyte and megasporocyte in the case of heterosporous forms. 

The Meaning of Reduction.— In order that the true meaning of reduc- 
tion may be appreciated it will be necessary to indicate the main points 
of a theory first suggested by Roux (1883) and later developed particu- 
larly by Weismann (1887, 1891, 1892). It had been believed by the earlier 
workers that reduction was merely a process whose function was “to 
prevent a summation through fertilization of the nuclear mass and of 

15 
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)f W!illt‘(l rolls 
in Fhi/sostrf/ia virfjifiinna; 
forni.'iUon of two np{)or 
ones jtist Loinn ooiuplolod. 
X 402. {After Sharp, 1011.) 
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the chromatic elements’^ (Hertwij^ 1890). But the chromatic mass is 
actually quartered at reduction, whereas the number of chromosomes is 
halved. Moreover, p:reat changes in nuclear volume occur with no 
change in the number of chromosomes. This careful guarding, so to 
speak, of the chromosome number was siezed upon as a most significant 
fact by Roux, who ‘^argued that the facts of mitosis are only explicabh^ 
under the assumption that the chromatin is not a homogeneous substance, 
but differs (pialitatively in different regions of the nucleus; that the 
collection of the chromatin into a thread and its accurate division into 
two halves is meaningless unless the chromatin in different regions of the 
thread represents different qualities which arc to be divided and dis- 
tributed to th(i daughter, cells according to some definite law. He urged 
that if the chromatin were qualitatively the sanui throughout the nucleus, 
direct division would be as efficacious as indirect, and the complicated 
apparatus of mitosis would be superfluous.'’^ Upon this conception 
Weismann based his remarkable theory, the starting point of which was 
‘‘ the hypothesis of Dc Vries that the chromat in is a congeries or colony of 
invisible self-propagating vital units or hiophores, somewhat like Darwin’s 
‘gcmmules,’ each of which has the power of determining the development 
of a particular quality. Weismann conceives these units as aggregated 
to form units of a higher order known as ^determinants,’ which in turn are 
grouped to form ‘ids,’ each of which ... is assumed to possess the 
complete architecture of the germ-plasm characteristic of the specie's. 
The ‘ids’ finally, which are identified with the visible chromatin-granules, 
are arranged in linear series to form ‘idants’ or chromosomes. It is 
assumed further that the ‘ids’ differ slightly in a manner corresponding 
with the individual variations of the species, each chromosome therefore 
being a particular group of slightly different germ-plasms and differing 
qualitatively from all the others. 

“We come now to the essence* of Weismann’s interpretation. The 
end of fertilization is to produce new combinations of variations by tin* 
mixture of different ids. Since, however, their number, like that of the 
chromosomes which they form, is doubled by the union of two germ- 
nuclei, an infinite complexity of the chromatin would soon arise did not 
a periodic reduction occur. Assuming, then, that the ‘ancestral germ- 
plasms’ (ids) are arranged in a linear series in the spireme thread or the 
chromosomes derived from it, Weismann ventured the prediction (1887) 
that two kinds of mitosis would be found to occur. The first of these is 
characterized by a longitudinal splitting of the thread, as in ordinary 
cell-division, ‘by means of which all the ancestral germ-plasms are 
a^ually distributed in each of the daughter-nuclei after having been 
IxUvided into halves.’ This form of division, which he called equal 
division (Aequationstheilung), was then a known fact. The second 
‘'this and the following quotations are from Wilson (1900, pp. 245-246). 
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form, at that time a pun'ly theoretical postulate, he {issuiikhI to be of 
such a character that each (laugh ter-imchuis should recc'ive only half the 
number of ancestral germ-plasms possessed by the mother-nucleus. 
This he termed a reducing division (Ih'duktionstheilung), and suggested 
that this might be effected either by a transverse division of the chromo- 
somes, or by the elimination of entire^ chromosomes without division, l^y 
either method the number of hds’ would be reduced; and Weismaiin 
argued that such reducing divisions must be involved in the formation 
of the polar bodies, and in the parallel phenomena of spermatogenesis.” 

Reduction in Weisniann’s sens(‘, then, is a reduction of the number of 
kinds of germ-plasm or am.'estral hereditary (qualities present, this 
reduction being brought about by means of a r(Mlistribut ion, half of tin* 
(pialities to one daughter nucleus and the remaind(‘r to the other daughter 
nucleus. The change in the number of chronujsomes is a (;onsequ('n(;e of 
the manner in which this redistribution is accomplishcal, as we shall s('e. 

Interpretations Based on Weismann’s Theory. -As would be ex- 
pected, there were announced certain interpretations of (‘hromosome b('- 
havior based on Weismann’s idea. 8ev(‘ral cytologisfs thought that 
they found the chromsomes actually dividing transvc'rsely at one or the 
other of the two maturation mitoses. This intcM’pretation, howc^ver, 
proved to be incorrect. Much light was thrown on the' problem when 
Hcnking (1891), Rtickert (1891, elc.), Haecker (1890-9), vom Bath 
(1892-3), and others showed that the double chromosomes appearing in 
the reduced number on the spindle at the first matui'atioTi mitosis arc' not 
split chromosomes like those sc'on in soinatic divisions, but are pairs of 
chromosomes, or bivalent chromosomes, c'ach arising by an c'nd-to-end 
conjugation (synapsis) of two somatic chromosomes. 71ie two i)arts of 
each bivalent then separate a<, the first or second maturation division, 
the entire chromosomes thus being segregatcal into two groups, (*ach 
with the reduced number. Thus it appc'arcd unnecessary that a single 
chromosome, representing a linear scries of different qualities, should be 
transversely divided in ordei- for Weismannian rc'duction to occur: it 
was only necessary to assume that the whole chromosomes differ cpialita- 
tively from one another, so that when the two members of a bivalent 
pair separate there would be a segrc'gation of dilTerent qualities. It is in 
the light of this bivalent chromosome conception that we are to interpret 
the many early reports of a transverse division of the chromosome during 
maturation. What was called a transverse division was merely the 
separation of two entire chromsomes placed end-to-end. 

A number of workers soon found that in many cases there is nothing 
even simulating a transverse division, either of single chromosomes or of 
bivalent pairs, but that both maturation divisions are apparently longi- 
tudinal (Flemming, Brauer 1893, Moore 1890, Meves 1890, Grc'goire, 
etc.). How, then, is there any Wc'ismannian rcHluction if there is neither 
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a transverse division of the ehromosonie nor a transverse separation of 
bivalents? Montgomery (1901), von Winiwarter (1900), Sutton (1902), 
Boveri (1904), and a number of others showed that here the chromo- 
somes conjugate side-by-side rather than end-to-end. Thus when they 
separate there is an appearance of a longitudinal division, but reduction 
is nevertheless accomplished, since entire somatic chromosomes suppos- 
edly qualitatively different, and not the longitudinal halves of split 
chromosomes, are separating. The appearance of a longitudinal division 
may also be present after an end-to-end conjugation, for the twonuunbers 
may bend around to a side-by-side position before finally separating. 
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As a matter of fact, the maturation divisions in nearly all cases, (^sj)ecially 
those studied by botanists, are both longitudinal in appearance. End- 
to-end conjugation later came to be called telosynapsis or rnetasyndese, 
and side-by-side conjugation paraaynapKis or parasyndese. 

Somatic and Heterotypic Mitoses Compared. — Befoit^ taking up a 
more detailed account of the |)rocess of rediudion as it has Ixam described 
by various investigators it is of the utmost imi)ortance to fix clearly in 
mind the essential difference between somatic and heterotypic mitosis 
in order to realize what constitutes the cardinal feature of reduction, and 
thereby to detect the significant points of the various theories. This 
essential difference is illustrated in Figs. 81 and 82. In a somatic or 
vegetative mitosis every chromosome is split into two exactly similar longi- 
tudinal halves which are distributed to the two daughter nuclei. The daughter 
nuclei are therefore like each other and like the mother nucleus in the quality 
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of their mbdance. In the heterohjpic niitosis, the first of the two mat}ira- 
tion mitoses, the chromosomes conjugate two by two during the prophase to 
form the reduced number of bivalent chromosomes, which take their place 
on the spindle. The members of each pair, which are supposed to differ 
qualitatively from each other, separate and pass to the two daughter nuclei. 
These nuclei are therefore qualitatirely unlike each other, having different 
members of the full chromosome group; and also unlike the mother nucleus, 
since each of them has only half as many chromosomes as the latter. The 
second maturation mitosis (not shown in the diagrams) is essentially a 
vegetative mitosis in most cases: each chromosome splits longitudinally 



Fkj. 82. — Diagram sliowing osscntial (lifforoiico hotweoii somatic and heU'ro- 
typic mitoses. 


and the halves are distributed to the daughter nuclei. The four nuclei, 
and consecpiently the four cells, resulting from the two maturation divi- 
sions are therefore of two kinds: two of them have lialf of the chromosomes 
of the original nucleus and the other two have the remaining ones. 

Assuming, then, that the chromatin of the nucleus represents the 
principal physical basis of inheritance (see Chapter XIV), reduction is 
essentially this: a reduction in the number of kinds of hereditary units by 
the separation and distribution of qualitatively different masses of chromatin 
to different cells and eventually into different hereditary lines, rather than an 
equational division and distribution of all the qualities as in somatic mitosis . 
As has already been stated, the change in the number of chromosomes 
(“numerical reduction'’) is a consequence of the method by which this 
qualitative reduction is brought about, this method being the distribution 
of entire chromosomes, each representing one or more particular qualities, 
to different cells. 
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Another important feature of the reduction process should noted 
before proceeding furthei'. In many cases, chiefly among animals, the 
chromosomes appearing on the spindle of the first maturation mitosis are 
not merely double, but quadruple. This is due to the fact that each of the 
conjugating chromosomes is already longitudinally split, giving the 
bivalent chromosome the form of a chromosome tetrad (not t(j be confus(‘d 
with tetrads of cells or nuclei). TIk^ four constituents of the chromosome 
tetrad are known as chromatids, and arc distributed by the two matura- 
tion mitoses to the four resulting cells. It is thus seen that in the case of 
chromosome tetrads the lines of separation for both maturation mitos(\s 
arc marked out in the prophasc of the first. It should be borne in mind 
that one of these lines represents a plane of chromosome conjugation, 
and the other a plane of true longitudinal splitting. When the chroma- 
tids separate along the conjugation plane reduction occurs, whether this 
be at the first or second mitosis, and when separation along the plane of 
si)litting occurs the mitosis is equational, as in somatic division. 

MODES OF CHROMOSOME REDUCTION 

In all cytology there is scarcely a subject upon whi(;h there has be('n 
entertained so great a variety of o[)inion as upon the (piestion of the 
exact behavior of the chromosomes during th(‘ moiotic phases. I^]ntirely 
aside from the theoretical interpretations plac(‘d upon the procc'ss of 
maturation, cytologists have yet failed to arrive at any univ('rsally 
accepted conclusion regarding all the structural changes which o(!(nir. 
This diversity of opinion is due in part to the complexity of the process 
and the difficulty of interpreting its various stages, some of which fail 
to stand out clearly in preparations made by oiu’ available^ methods. 
On the other hand, a great variety of organisms have been studied, and 
these undoubtedly differ considerably in the details of tlui reduction 
pro(‘ess, so that agreement in all particulars is not to be expected. The 
attempt has too often been made to apply universally an interpretation 
founded upon a study of one or two organisms. Certain essential fea- 
tures of meiosis may be expected to show close agreement in all organisms 
reproducing sexually, as Strasburger pointed out, but it is evident that 
there is no full correspondence as regards the exact manner in which the 
essential changes are accomplished. In the following pages are given 
brief descriptions of a few representative interpretations advanced by 
various cytologists.^ 

The two interpretations of reduction which have been most conspicu- 
ous in the literature of recent years are diagrammed in Figs. 83 and 89. 

' No attcmipt can bo made in a work of this scope to give a complete summary 
and classificat ion of all the interpretations that have been put upon the maturation 
phenoimma. Only enough will be ])res<‘nted to afford a starting point for a study of 
this complex subj(*ct. For a review and criticism of all views expressed up to 1910 
see Oregoire’s two invaluable works (1905, 1910). A useful list of works on somatic 
and heterotypic mitosis in angiosperrns is given !>y Picard (1913). 
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Nearly all ol (lie aeeounls of rediiel ion now appi'aniifi;, especially (hose 
Siyen hy liotanists, conform in Kcneral (o one or the othm- of (hese (wo 
schemes, though they vary greatly in .letail. Both tlnairies hav.> been 
upheld by competent obsc-rvers. and it may be possible that both modes 
of recluction actually occur; but the same objia-ts have been so dilTerently 
dcsciabed by the two opposing schools that it seems very probable that 
mterpietation is chic'fly ri'sponsibh' lor the piusistent diversity of opinion. 
For convenience the two theories will be refmred to as Sc'liemc A and 
Schejne B. 


A 



r'la. S;i. Tho iiK'thod of rhroniostunc rodiictioii arrordiim to Schcnir A. 
Explanation in toxt. 


Scheme A. — The first of the two iriaiii interpretations of r(‘(liiction 
came into prominence in 1900 and shortly after, when von Winiwarter 
(1900), Grep:oire (1904, 1907, 1909), A. and K. E. Schreiner (1904 1908), 
and Berghs (1904, 1905) ai)f)lied it to the phenomena observed by them 
in several animals and plants. Its ess(*ntial points are as follows (Figs. 
83-88): 

At the beginning of the heterotypit* prophase the nuclear reticulum, 
without breaking down into such distinct elementary iKits or aIv(H)lar 
units as are seen in the somatic prophase, takes the form of long slender 
threads (leptotme or leptonema stage).* During the very early prophase 

* The terms lepiotene, synapthie, pachythifi, and diplothie were proposed hy von 
Winiwarter (1900); leptouenia, zygothu‘, pachynema^ and strepsinerna hy Gr6goire 
(1907); amphithip by Janssens (190,5); alrepsithie hy Dixon (1900); diakinesis by 
Haeeker (1897); tsyjiapsw hy Moore (1896); aynizesis hy McClung (1905); and meiosia 
by Farmer and Moore (1905). The terms ending in -tene are ordinarily used as 
adjectives. 
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these threads conjugate in pairs side-by-side (parasynaptically; para- 
syndetically) . The association docs not take place at all regions of the 
threads at once: it begins at one or two points, commonly at one end, 



Fio. 84. — Reduction in sj^orocyte of Nephrodium. 

A, leptonema. B, recovery from synizesis; parallel conjuKation consummated during 
synizesis. C, pachynema. D, second contraction of bivalent spireme. K, diakinesi.s. 
F, anaphase of heterotypic mito.sis. G, interkinesis. //, homceotypic mitosis. /, two 
of the four spore cells. {After Yamanouchi, 1908.) 

and gradually involves all portions, so that at stages when the process is 
yet incomplete the two threads may be closely paired at some points and 
widely divergent at others, giving an appearance very unlike that of the 
halves of a longitudinally split chromosome in a somatic cell. This is 
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known as the zygolcnc^ zygoncutn, synaptc/u', or (unphitcnc slaj»;e. Usually 
before the union is (;oinplele tlui nucleus enlarg(‘s sonu'what and the 
threads contract, forming a tiglit knot at oik* side of tin* nucl(‘us. This 
stage, formerly called synapsis (see p. 255), is now more jaroperly known as 
i^ynizesis. The pairing threads come into very close association during 
synizesis, which, though variabh* in time, usually ensues at about this 
stage. When tlie closely paired threads recover from tin* synizesis con- 
traction they extend more uniformly throughout the nucleus ("'open 
spireme”), and are now seen to be much thick(‘r (pachytene; pachynema) . 
In many cases they may again contract, into a 
loose knot with loops extending from it (“second 
contraction”). As they continiK* to decr(‘ase in 
hmgth and increase in diameter the members of 
each pair twist more or less tightly about each 
other for a short time (strepHiihie; strepainema; 
diplolene). Eventually tli('y beconu* very short 
and thick, and the various pairs (geniini; 
bivalent chromosomes^), pr(‘S(‘nt in tlu* haploid 
or naluced number, lie scattered throughout 
the nucleus (diakinesis) . TIk* two comporn'iits 
of (*ach geniinus may now sepaiate slightly at 
one or both ends or at the middle, which giv('s 
them th(‘ form of Ys, Vs, Xs, and Os. The 
bivalent chromosoni(‘s are now fully formed and 
ready to take their places on the spindle, which 
soon forms. 

In the case of the animal egg the “growth 
period” introduces a complication. In the 
sporocytes of plants and the sp(*i-mato(*yt(*s of 
animals there is some* ('nlargement ot the cell 
and nucleus during the stag(‘s just describ(‘d, 
but the chromosomes pass directly from the 
strepsinema stage to diakin(*sis. During the 
relatively enormous growth of tin* oocyte on the other hand, 
the chromosomes, which have usually reached the strepsinema stage 
when the enlargement begins, b(‘corne greatly modified in form. 
Their achromatic framework takes the form of fine threads extending 
out in all directions, giving the chromosome an irregular brush- 
like form (Fig. 80, C, D), while the chromatic substance either may 
flow into the nucleolus, leaving the chromosome framework uncolored and 
very difficult to observe, or by loss of its staining capacity through chem- 
ical change it may disappear from view completely. As the growth 
period comes to an end, however, the original staining capacity returns 
and the chromosomes again assume the compact form and pass into the 
diakinesis stage. 





Ph rynuldtix man " • 


A, Ic*j»ton(‘inii ; x, hox- 
chromoHOMio. B, conjugji- 
tioii of “ chroMio.soino A." 
J^ortions of other uncon- 
juKatod threads and one 
other bivalent also present 
in s e e t i o n . X 2 0 0 U . 
(After W enrich, 1910.) 
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In llic ciise of iiiosi .‘iiiiinnls, a, ml a.|)|)nn‘fil ly irj crrtain plants also, 
tlio split which is to function in t h(‘ lioiiKX'otypic mitosis may develop dur- 
ing diakinesis or even much earlier, the result being the formation of 
chromosome tetrads. This introduces another element of complication 
which will he touched upon later (p. 243). 



Fio. 80. 

.4, iKiniHynapsi.s in Allimn Mulosnrn. piirasynapsis in 0.sm7/n<ia rf-t7a/w C nucleus 
of oocyte of Scylliurn canicula (Selachian) in “growth stuKc.” D, single chromosome in 
growth stage, showing the fine sulxlivision of its substance. (.4 and B after (h ^uunrr lUt)7 
C and D after Marfehal 1907.) J u 

The diakinesis stage is terminated by the dissolution of the nuclear 
membraru' and the formation of the spindle, upon which the bivalent 
chromosomes, whether secondarily split or not, now become arranged. 
Because of the petailiar form and consistency of the heterotype chromo- 
somes the mitotic figure presents a striking contrast in appearance to the 
ordinary figure of somatic cells. This is especially true as the chromo- 
somes are drawn into various curious shapes as their anaphasic separation 
begins. The two univalent components of each bivalent chromosome 
eventually become free from each other and pass to the two daughter 
nuclei, bringing about reduction. During the anaphase the separating 


rill-: iiKDrrriox of the riiiiOMnsoMEs 


2:55 



S7. Nuclei from niicro.sporocyfes of T/cm faha, showiiiK F)iir{isynai)sis. 
Synist'sis heniiuiitiM: iti No. (i. X 1000. 



Fig. 88. — Heterotypic propha.se.s in .spermatocyte of Tunw pterin oninciformin. 

A, pairing of leptot^ne threads beginning. B, pairing complete in some threads and 
only beginning in other.s. C, conjugation complete; pachynema .stage. D, resplitting 
of pachyt^ne threads (.separation of conjugated chromosomes.) (After A. and K. E. 
Schreiner y 1905.) 
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univaleMits, if not already (l()\il)le, rapidly develop a longdiidinal split, in 
some cases even before; they are entirely free from each other. The 
resulting halves tend to open out along this split; chromosome's being 
drawn endwise to the pe)les thus take the form of simple; Vs, while the)se 
to which the fibers are attachcel at the midellc appear as elouble Vs. After 
reaching the poles the split chromexsomes begin the reconstruction of the 
daughter nuclei. As a rule this eloes not proceed very far, since the' 
homa;e)typic mitosis follows very quickly upon the hete'rotypic. Well 
organized daugliter nuclei are often formed, whereas in the animal egg 
there may be no reconstruction whatever, the daughter chre)inose)mes of 
the first mitosis at once taking their jdace's on a newly forme'd sj)indle for 
the seconel mite)sis. 

In the hoineDe^typic mitosis the chromosomes, if there has Ix'enan inter- 
vening interkinesis of any length, usually appear much longer and thin- 
nei‘ than in the hetei'otypic mitosis, and separate along the longitudinal 
line of fission seen in the preceding anaphase. The; horn a;oty pic; mitosis 
is therefore equational in character, and differs from an ordinary somatic 
mitosis only in the number of its chrorncjsomes and the' piecocity of their 
splitting. In each of the four nuclei resulting from the two maturation 
mitosc's there is now the ha|)loid number of unival(;nt chromosomes, and 
mc'iosis is complete. 

d'he foregoing interprc'tation of reduction has bc'en widely accc'ptc'd 
fi’om the fii*st by both botanists and zoologists. The' following is a jrartial 
list of works in which it has bc'en dc'seribed. 


Plants 


(J re go ire 

1904, 

’07 

lierghs 

1904, 

’05 

Hose ri berg 

lOOf), 

’07, ’08, ’09 

Allen 

1905^0 

J. B. Overton 

1905, 

’09 

Strasburger 

1905, 

’07, ’08, ’09 

Miyake 

1905 


Tischler 

1900 


(Cardiff 

1900 


Lagerberg 

1 900, 

’09 

V^amanouchi 

1900, 

'08, ’10 

Martins Mano 

1909 


Lundegardli 

1909, 

’14 

F risendahl 

1912 


McAllister 

19i;i 


.Schneider 

1913, 

’14 

Weinzieher 

1914 


.Sakarnura 

1914 


de Litaniiere 

1917 



Lilium, Allium, OHmunda 
Allium, Drosera, Ilelleborus, otft. 

Droseva, Coinpositic 
Lili um, Coieochade 
T haliclrum, Calycanthu,^, liichardia 
Lilium, Galtonia, etc,, 

Lilium, Funkia, Iris, Allium, Trades- 
canlia, Galtonia 
Ribes 

Acer, 8alomonia, Bolryvhlum, Ginkgo 
Adoxa 

Folysiphonia, Nephrodiiim, Osm unda 

Funkia 

Trollius 

Myricaria 

S7nilacina 

Thelygouium 

Xyris 

Vida 

Polypodiimi 
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Animals 


von Winiwarter 

1900 

Mardchal 

1901, ’0.5, ’07 

A. and K. E. vSehroinor 

1900, ’07, ’08 


Lerat 

1905 


Deton 

1908 


Cregoire 

1909 


Janssens 

190.5, 

’09 

Janssens et Willems 

1909 


Schleip 

1900, 

’07 

Debaisieiix 

1909 


Montgomery 

1911 


Kornliaiiser 

1914, 

’15 

Wcnrich 

1910, 

’17 

Fasten 

1911, 

Ms 

Malone 

1918 


Pratt and Long 

1917 


Roliertson 

1910 



Hahbit, Man 

Tunicatc's, Sc'lachinns, 'Tc'b'osts, A tn phi- 
ox us 

TotuopUris, Ophn/olrocho, Zoogon us, 
Enleroxen.os, M i/xitic. Solo nunulro, 
Spin ax 
Eijclops 
Thijsanoziuni 
Zoogoniis 
Jiatrat’<>S('j>s 

Algtcs 

Via naria 

Dgiisru.s 

PJ uschistus 

11 1 rsilia, Enriu aopa 

l*firfinoti’llix, ( Imrthippus 

(\inibarus^ ( 'nnrn' 

Canis 

Mas 

Ins('cts 



Fin. 89 . The method of clirornosoine re<hietioii aecordini? to Schcmo li. 
Explanation in text. 


Scheme B. — The second of the two conspicuous interpretations was 
advanced by Farmer and Moore (lOO.'b 1905), and is essentially as 
follows (Figs. 89-92): In the early heterotypic prophase the reticulum 
becomes more thready in structure and contracts into a tight knot 
(synizesis) . When this knot loosens up the chromatic material has 
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assumed tlu’ fonn of a coni inuous s])in‘mo which is douide. This doul)le- 
iiess is believed to repiesfuit a ti‘U(‘ loiijijiliidinal split, and although it 
usually disappc'ars from view during th(‘ later piophases it is thought to 


Fkj, no. - 'riie heterotypic propluise.s iii Lilium, jiceorainK to Mottier (1907.) 

A, .synizesis knot loo.seniriK up; thrend.s splittiriK: note chroinonieres. li, hollow spireme. 
(\ secoiul contraction. D, diakinesis. X 900. 








A * , w 

• > t F 

Fio. 91. — Maturation mito.sos in inicro.sporocyte of Vicia faba. 

A, anapha.se of heterotypic mitosi.s; split for .second mitosis evident in separating 
daughter chromosomes. B, one daughter nucleus in early telophase of heterotypic mitosis, 
f’, later telopha.se. D, metapha.se of homeeotypic mitosi.s. E, anaphase of .same, showing 
portions of both spindles. F, three of the four microspore nuclei. X l.'h’lS. (.After 
Fraser, 1914.) 

persist and reappear at a much later stage. After extending loosely 
throughout the nucleus (“open spireme”), the double spireme, now con- 
siderably thickened and twisted (sirepsinema) , contracts again and is 
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2 \\\) 

thrown into loops (“socoiul contraction”). These loops th(*n break 
apart from one another through a segmentation of thi' sj)iri‘mc; each of 
them is composed of two split (‘hromosomes arrangc'd end-to-emd. Chro- 
mosome conjugation has thus occurred tclosynaptically {tndaxj/ndvtic- 
ally) either while the spireme was being formed or when the daught('r 
spiremes were formed in the preceding telophase. The t wo iikmuIxus of 
each pair are brought around to a side-l)y-sid(‘ position by th(‘ looping 
at the second contraction, usually but not always remaining closely 
connected at the original point of conjugation. The resulting bivalent 
chromosomes, with their split obscured, become much shorteiu'd and 
thickened (diakineshs) and take up their positions on the first maturation 
spindle. In case the original split, instead of being wholly obscured, is 
visible at this time or earlier, chromosome tetrads are evidemt. In lh(‘ 
heterotypic anaphase the bivalents are separated into their compoiumt 
univalents, bringing about rcnluction. During the anaphase tlu^ utii- 
valents often widen out along the line of fission which had been tempo- 
rarily obscured, giving th(un the form of simpl(‘ or doubh' Vs as (k'scrilx'd 
for Scheme A. They remain through interkinesis in th(‘ double' condi- 
tion, and in the hornoeotypic mitosis separate' along this liiu' of fission. 

The following is a list of the principal works in which this theory of 


reduction has b('en 

advocated. 

Plants 

Fanner and Moore 

190:i, '05 

(hntuiidd, R.sllol utii, Aneiiru 

Farmer and Digby 

1910 

Oallonia 

Fanner and Shoves 

1905 

Tradescantia 

Mottier 

1907, ’09, ' 

14 Liliuni, Acer, Alii uni, Rodopkiilluiu. 



Trade tica rilia, Slaphijlea 

Gregory 

1904 

Ferns 

Lewis 

1908 

Pinna, Ihuja 

SchatTner 

190(), ’09 

A gave 

Digby 

1910, ’12, ’14 

, '19 (ialtonia, Primula, Crepis, Oamunda. 

Fra.ser 

1914 

Vida 

Lawson 

1912 

Smiladna 

McAvoy 

1912 

Fuchsia 

Beer 

1912, ’13 

Equiaetnvi, Crepis, Trago pagan 

Woolery 

1915 

Smiladna 

Nothnagel 

1910 

Allium 



Ani.mals 

Fanner and Moore 

1905 

Periplanct a, E 1 as n k> b r an e 1 1 s 

Montgomery 

1903, ’04, ’05, ’00, Hemiptera. Ampliibia 


’10 


Moore and Embleton 

1906 

Amphibia 

Griggs 

1906 

Ascaris 

Zweiger 

1907 

F orficula 

Arnold 

1908 

HrjdrophliuH 

H. 8. Davi.s 

1908 

Insects 

Nakahara 

1920 

Pcrla 
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Souk? of tho above named investigators, notal)ly Miss Digby (11)10, 
1912, 1914, 1919), Miss Fraser (1914), and Miss Nothnagel (1916), 
have laid emphasis upon the view that the split seen in the early hetcro- 
typic prophase has its origin in the telophase of the last premciotic divi- 
sion, each chromosome persisting through the intervening resting stage 
in the double condition. It is consequently held, as fully stated by Miss 
(1919) in her account of the archesporial and meiotic phases of 
Osmnnda (sc'e Fig. 92), tliat the lateral pairing of thin threads in the 



ti(}. 02. Diagram showiriK boliavior of chromosomes in premoiotic and 
meiotic pliases in Osmnnda, according to Digby (1910). 
rt, split wliicli originates in telophase of prenieiotic initosi.s, persists (though obscured at 
tunes) through lioterotypic! prophases, reappears in heterotypic anaphase, and becomes 
cfTcclive in horncrotypic* mitosis, b, .split which originates in heterotypic telophasi!. 
persists obscui^d through Iiomceotypic r>rophase.s, reappears in horncootypic aiiaphaso 
arid becomes effective in post-honueotypic division, x, plane of conjugation. 


heterotypic prophase which the advocat(\s of Scheme A have regarded 
as a conjugation of entirt' chromosomes is in reality only the reassocia- 
tion of the two halves of one chromosome which had been split in the 
preceding telophas(\ Such a r(‘a.ssociation is thought to occur in every 
prophase, somatic and heterotypic, sinct) these workers regard chromo- 
some siditting as regularly a telophasic phenomenon. The split which 
forms in the last prenieiotic telophase functions in the homoeotypic 
mitosis: the homccotypic division is therefore looked upon as the continua- 
tion of the premeiotic division, the heterotypic mitosis being an inter- 
polated process bringing about numerical reduction. Not only does this 
premeiotic split reappear in the anaphase of the heterotypic mitosis to 
function in the homoeotypic, but a new split develops in the heterotypic 
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(clophasc, and after being temporarily ol)scur(>d funetions in (he post- 
homceotypio division.^ 

A variation ol Schoine B has boon ()l)sorvo(l in (Enoihera (( hit os 19()S ' 
1909, 1911; (leerts 1908; B. M. Davis 1909, 1910, 1911); in A’aeu.s- and 
Cutlena (Yarnanouehi 1909, 1912); in Bvfo (King 1907); and in a few 
other forms. Here the spireme in the lieterotypic propliase do('s not, 
become double, the split for the second division appearing tirst in tlie 
hotoroty|)i(; anaphase. 

Comparison of Schemes A and B. — ^According to both of the fore- 
going prominent theories of r(‘diiction the (;onjugated ehromosonu's 
s(‘parate at the first maturation mitosis, thus eausing reduetion, and 



divide longitudinally (equationally) at the seeoiMl mitosis, so that th(‘ 
final result is essentially the same: two of the resulting four nuclei differ 
qualitatively from the other two in their chromatin content (Fig. 03). 
Idle distiiK'tion b(dw(H*n the two interpretations is nevertlu'h'ss an ii!i- 
portant oik*, and may be emphasized in the following summary. 

According to Scheme A tli(uloiible character of the chromatin spir(*mes 
of the early heterotypic prophase is due to a lateral pairing of sim[)l(‘ 
threads each representing an entire somatic chromosome, the second con- 
traction not being significant as regards pairing. The bivalent chromo- 
somes so formed, after much shortening and thickening, are separated in 
the heterotypic mitosis, during the anaphase of which (or earlier in the 

^ A more detailed vSiiminary of this view may be found in a review of Miss Digby's 
paper on Osmunda by the present author (1920a). 

16 
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case of chromosome tetrads) the split that is to function in tliehomamtypic 
mitosis makes its appearance. Th(i double ness in the heterotypic pro- 
phase is therefore not homologous with that in the somatic prophase: 
in the former it is due to a conjugation and in the latter to a split. 

According to Scheme B the douhlcness of the heterotypic prophasc is 
due to a true splitting as in the case of somatic division. In both cases, 
moreover, the split may have its origin in the preceding telophas(‘. Tlu; 
bivalent chromosome is formed by the a.ssociation in pairs (often at first 
end-to-end in the spireme but later side-by-side) of segments of this split 
spireme at the time of the second contraction. The two split univalents 
composing the bivalent arc separated in the heterotypic mitosis, while 
in the homccotypic mitosis the separation is along the line of the split 
originating in the last premeiotic telophase and seen in the spireme of th(‘ 
early heterotypic prophasc. The doubleness of the early heterotypic 
l)rophase is therefore regarded as homologous with that of th(' somatic 
prophase: in ])oth erases it represents a true split. 

It cannot yet lx* said what the outcome of this controversy is to Ix'. 
The advocates of Scheme A believe that those of Scheme B have mis- 
interpnded the changes occurring in the early heterotypic i)rophase and 
in all telophases, while the latt(^r charge the former with a neglect of the 
second contraction stage. Scheme B as fully elaborated by Miss Digby 
has certain advantages: it allows one interpretation to be placed upon 
the double spireme in both somatic; and heterotypic prophases, irn^spectivc 
of the exact time at which the split originates, and it also helps to explain 
the; sudden appearance of the split for the s(*cond maturation mitosis in 
the anaphase of the first. Schcmie A, on the; other hand, is preferred by 
geneticists because of the earlier and much longer continucxl association 
of the conjugating chromosoiiK's, which allows a greater opportunity for 
^‘crossing-over” to occur. The significance of this point will be brought 
out in Chapter XVII. 

This question, however, must be scd-tled primarily by direct evidence. 
It is obvious that its solution depends upon the exact manner in which the 
telophasic transformation of the chromosomes and the derivation of the; 
latter from the ndiculurn in the prophase are accomplished. It is granted 
by both schools that the alveolar or reticulate condition in which the 
chromosomes arc found in late telophase is continuous with the similar 
condition seen in the succeeding prophase. If, then, it is true (I) that 
the telophasic transformation (alveolation) represents a true splitting, 
and (2) that the early prophasic reticulate condition passes directly 
into the double spireme, it follows that this doubleness in every prophase 
is due to the split originating in the preceding telophase. But workers on 
mitosis an* not at all agreed that the evolution of the chromost)mes is 
that stated in (1) and (2). It has been shown in Vida faba (Sharp 1913), 
Tradescantia (Sharp 19206), and a number of other instances (see (diapter 
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VIII) not only that the tolophasic alvcolation is too irregular to be 
regarded as a splitting, but also that the reticulate condition of the pro- 
j)hase, instead of developing directly into the definitiv^e split, gives rise 
to simple thin threads in which a new split is developed. From tliis it 
cannot be concluded that in no form does the split develop directly from 
the early reticulate condition, or that the telophasic alveolation, though 
irregular, may not later become so equalized as to constitute the first 
stages of the split; but it does follow tliat it is quite unsafe to use the 
principle of telophasic splitting as a premise from which to draw the 
conclusion that the approximation of thin thn'ads in the early heterotypic 
prophase represents the reassociation of the halves of a single split 
chromosome. It is well to emphasize the possible importance of th(^ 
premeiotic telophase, but any ultimate solution of this perplexing prob- 
lem must be reached mainly through a more n^fined analysis of those 

K ^ ^ ^ ♦ 

Fi(}. 91. —Chromosome pair “H” in Phri/no/rflix ma'inns, sliowitij' condensation of 
bivalent pair duriiiK tin* heterotyr>i<^ pro|)hases to form the compact chromosomes appearing 
on the spindle at irietaphaso. X 173-1. (After W'cttrich, 190). ) 

prophasic changes which have led a long list of investigators to the (!on- 
clusion that the early heterotypic association of slend(*r thn'ads n'liresents 
a conjugation of entire chromosona's which se])arate in the first matura- 
tion mitosis. 

One of the most convincing pieces of direct evidcmcc favoring Scheme 
A is found in WenriclFs n'ctmt work on PhrynoteUix (1916). Wenrich is 
able to trace a single pair of chromosomes, distinguishabh^ by their 
peculiar form and th(‘ arrangement of their chromatic accumulations or 
chromomeres, through every stage from th(' spermatogonia to the sperma- 
tids. During the heterotypic prophase the two members of the pair 
conjugate parasynaptically while in the form of slender hlarncnts. Simi- 
larly strong arguments arc advanced by Robertson (1916) as the result 
of his detailed analysis of the chromosome groups in other Tettigidse 
and Acrididffi, in which the homologous members can be followed with 
much certainty because of their frequent inequality in size. 

Reduction With Chromosome Tetrads.™ As already pointed out, the 
marking out of the lines of separation for both maturation divisions 
during the heterotypic prophase, with the resulting formation of chromo- 
some tetrads, increases in no inconsiderable manner the difficulty of 
interpreting the essential changes at these stages. The four chromatids 
composing the tetrad represent two conjugated chromosomes each of 
which is longitudinally split. Because of the variety of ways in which 
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these may arrange themselves with reference to one another — in the form 
of simple or compound rods, crosses, and rings — their distribution to the 
daughter nuclei, as well as the manner of their origin, is very difficult to 
follow with certainty. The accompanying diagrams will serve to illus- 
trate the more common modes of behavior described for chromosome 
tetrads, which are found chiefly in the cells of animals. 

Figure 95, D represents an exceptional method of tetrad formation 
described by Henking (1891) ior Pyrrochoris and by Korschelt (1895) for 
Ophryotrocha. The continuous spireme segments to form the diploid 
number of chromosomes,^ which then split longitudinally and shorten. 



D, in Pyrrochoris (Henking) .ami Ophryotrocha (Korscholt.) E, in certain copepods 
(Riickert, Haccker, and vom Rath.) F, in Anasa and Allolobophora (Paulmior; Foot and 
Strobell). 


No conjugation occurs until the metaphase, when the split chromosomes 
come together end-to-end, forming tetrads. They at once separate in 
the anaphase, bringing about reduction. In the second mitosis they 
divide along the original split, so that each of the four resulting nuclei 
receives the haploid number of chromosomes, two of the nuclei thus 
differing from the other two as the result of the separation of entire 
(though secondarily split) chromosomes at the first mitosis. According 
to Goldschmidt (1905), the chromosomes of Zodgonus mirus^ after thus 
undergoing no prophasic conjugation, divide longitudinally at the first 

1 For the sake of uniformity and clearness the diploid number is represented as 6 
in all of these diagrams. 
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mitosis and separate into two haploid groups at the second. To this 
simple form of reduction Goldschmidt applied the term Priimertypus.” 
Grdgoire (1909a), on the contrary, found parasynapsis and the usual 
mode of reduction in Zoogofins. 

The interpretation at one time given hy Hlickert (1893, 1894), 
Haecker (1895), and vom Rath (1895) for certain copepods is shown in 
Fig. 95, E. The continuous spireme splits throughout its length and tlnm 
breaks into the haploid number of s(‘gni(‘nts. Tliese again break trans- 
versely, forming chromosome tetrads, each composed of two split chromo- 
somes arranged end-to-end. In some species the chromatids open out to 
form four-parted rings, whereas in others they maintain the rod form. 
A separation occurs along the lin(‘ of the original s])lk at the first mitosis, 
which is therefore equational, and idong the plane of conjugation at tin; 
second mitosis, which is tlu'refore reductional. In Dicrocodiuin Gold- 
schmidt (1908) repoi'ted that such bdrads divide' reductionally at tlu' 
first mitosis. Lerat (1905), moreove'r, has found that in Cyclops strcnuiis^ 
one of the forms used by the earlier workers, the tetrads arise by a paralk'l 
conjugation of thin thn'ads which later split. 

A third mode of tetrad behavior is that rc'ported by Raulmier (1899) 
for Anasa trisiis and by Foot and Strobell (1905, 1907) for Anasa and 
Allolohophora foetida (Fig. 95, F). Here the chromosouK's conjugate' 
end-to-end, the bivalents so formed then splitting longitudinally, giving 
tetrads which take on a cross or l ing form. At the first mitosis the^ sepa- 
ration is along the plane of conjugation, effecting reduction, and at tln^ 
second it is along the plane of splitting. Accoi-ding to MeKJlung (1902), 
Sutton (1902, 1905), Robertson (1908), and others, such tetrads separate' 
reductionally at the seconel mitosis (postreduedion) rather than at the 
first (prereduction) in certain orthopterans stuelied by theun. 

Figure 96 illustrates the origin of chromosome tetraels of five eharae;- 
teristic types by the two prominent moele's of reeluction deiscril)eel in 
detail in foregoing pages. Acex)reling to Scheme A (Ai-Ci), two ehronu)- 
semies conjugate parasynaptically while in the fe)rm e)f sleneler thre'aels. 
Instead of remaining unsplit as in most plants, e'ach member then splits 
longitudinally in a plane at right angles to the conjugation plane, thus 
giving a tetrad composed of four parallel strands (chromatids) (H). 
According to Scheme B (A 2 -C 2 ), the two chromosomes are at first ar- 
ranged telosynaptically in the spireme and the latter splits throughout its 
length. The two conjugating members then take up a side-by-sid(‘ 
position, and their split, instead of becoming obscured as usually occurs 
in plants, remains open, giving the tetrad of parallel strands (/)). 

The tetrad, by whichever method it has arisen, may now undergo a 
variety of alterations, some of which are shown at K and F. The chroma- 
tids may simply shorten and thicken, the tetrad at diakinesis maintaining 
the form of parallel rods {Ex, Fi). They may open out along the plane of 
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conjugation (E2) and take the form of rod tetrads {F^) like those described 
by Rtickert and Haecker. While opening out in this manner the longi- 



Fiu. 96. — Diagram showing the origin of the tetrad of chromatids {D) according to 
Scheme A {Ai-Ci) and Scheme B (/1 2-02), and the further transformation of this tetrad into 
tetrads of five types (Fi-Fs). 


tudinal halves of each chromosome may diverge where the two chromo- 
somes remain in contact (^'3), the tetrad eventually taking the form of a 
cross (/^s) as in the cases described by Paulmier and by Foot and Strobell. 
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If tho conjugatod chroinosoinos nanain in contact at botli ends {E 4 ) a 
complete ring results (A 4 ). In certain ortliopterans th(‘ four chromatids 
open out along the conjugation plane in some regions and along the plain' 
of splitting in other regions; this results in the curious compound rings 
(Fig. 156) found in the cc'lls of these insects. Finally, the chromatids 
may open out from one end along the conjugation plane and from tho 
other end along the sjditting plane (Fn), th(' tetrad tlien assuming tlu' 
form of a ring composed of four parts {Fu). In all cases tlu' t('t rads usu- 
ally condense into compact quadiuph' bodies by the time they take tlu'ir 
places on the spindle of the heterotypic mitosis. 



97. lleduction witli chroino.soine tetrad.s in Fasciola hepatica, ucoording 
to SchclIenbcrK (1911). lOxplanution in text. 


The four chromatids composing the compl(*t(*d tetrad an' in most cases 
exactly similar in appearance, so that it is a matter of much difficulty to 
determine along which plane they are separated at the first maturation 
mitosis. According to the two theories of tetrad origin illustrated in 
the foregoing diagram, however, the chromatids ani supposed in almost 
all cases to separate along the plane of conjugation at the first mitosis, 
and this conclusion is supported by the behavior of those bivalent chromo- 
somes which arc not divided into tetrads of chromatids. 

A further interpretation of rcductioji involving chromosome tetrads 
has been given by Schellenberg (1911) for the parasitic flatworm. Fasciola 
hepatica (Fig. 97). The chromatin in the heterotypic prophase takes the 
form of a long slender filament which splits longitudinally soon after 
synizesis. This double thread then segments into the haploid number of 
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pieces, each representing two chromosomes end-to-end; these have the 
form of loops with a definite orientation (“first boquet stage”). Each 
segments again, giving the diploid number of split chromosomes, which 
again assume the form of oriented loops (“second boquet stage”). The 
halves twist tightly about each other, shorten to form the double bodies 
seen at diakinesis in the diploid rather than the haploid number, and then 
conjugate to form the haploid number of chromosome tetrads. The 
conjugating members (each split) separate at the first mitosis, bringing 
about reduction; at the second mitosis the separation is along the line of 
the original split. According to this interpretation, therefore, the double- 
ness of the early heterotypic prophase is due to a split, as in Scheme B, 
but the chromosomes arranged end-to-end in the spireme soon become 
separated and do not conjugate again until diakinesis. 

For a number of years it was thought (Carnoy 1886; Boveri 1887; 
Hertwig 1890; Brauer 1893) that the chromosome tetrad in Ascxiris 
fnegalocephala was exceptional in being formed liy two longitudinal fis- 
sions of a primary chromatin rod, there being as a (jonsequerice no quali- 
tative reduction in the two maturation divisions unless the organization 
of the chromatin were different from that of other organisms. But it has 
since been shown that they arise as in other organisms by the conjugation 
of two split chromosomes (Sabaschnikoff 1897; Tretjakoff 1904; Griggs 
1906). In the oogenesis Griggs reports telosynapsis with prereduction, 
whereas in the spermat ogenesis Tretjakoff describes parasynapsis followed 
by postreduction. In Ascaris cards (Marcus 1908; Walton 1918) the 
four chromatids each show a transver.se constriction, the chromosomes on 
the first maturation spindle having the form of octads. 

Although the formation of well differentiated chromosonK^ tetrads 
occurs very commonly in animals, it appears to be very rare in plants. 
Farmer (1895) described tc^trads in Fossombrorda, and they have since 
been reported in at least three other bryophytes: Fallavicirda (Moore 
1905), Sphagnum (Melin 1915), and Chiloscyphus (Florin 1918). They 
have also been described in a few vascular plants: Equiseium (Osterhout 
1897), Pteris (Calkins 1897), Ariscema (Atkinson 1899), Tricyriis (Ikeda 
1902), Thaliclrum, Calycanthus, and Richardia (Overton 1909) (Fig. 98), 
Spinacia (Stomps 1911), Primula (Digby 1912), and Lopezia (Tackholm 
1914). 

According to Gr^goire (1905) such structures in plants are not true 
tetrads, but resemble them because the chromosomes are often bent and 
have their material accumulated largely at their ends. Sakamura 
(1920) interprets them as conjugated constricted chromosomes, and denies 
that the quadripartite condition has anything to do with reduction in 
such cases. He likewise accounts for the metasynaptic rod tetrads (Fig. 
95, E) described by several investigators of maturation in animals, 
holding that they represent two constricted chromosomes conjugated 
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parasynaptically rather than two split ones placed end-to-end. In 
support of this contention he cites the following observations: such 
'^tetrads” are seen not only in the oocytes and spermatocytes but also in 
oogonia, spermatogonia, and somatic cells; the supposed telosynaptically 
conjugated members are often very unequal in size; such tetrads are 
sometimes divided in the transverse plane at neither maturation mitosis; 
not only tetrads, but also octads and hexads arc often observed, even in 

s ^ I 

A ^ 



98. Chromosoiuo tetrads. 

A, five stages in the development of the tetrad in the spermatocyte of Anasa tristis. 
X 3000. From a preparation by Dr. H. K. Stork. B, tetrads in sporocyte of Chiloacyphus. 
Enlarged; X 2800. (After Florin, 1918.) C, tetrads in Richardia africana. (After 
Overton, 1909.) D, false tetrads in somatic colls of Plsum duo to action of chloral hydrate 
on constricted chromosomes. (After Bakarnura, 1920.) 

the same cell, and these are plainly due to the presence of additional 
accentuated constrictions. Robertson (1916) also interprets such telo- 
synaptic rod tetrads as those observed by Haecker in the copepods as 
constricted chromosomes. The constrictions, according to this writer, 
represent points of temporary union between non-homologoiis elements. 
From these considerations it is evident that constrictions have much to 
do with the appearances assumed by chromosomes, and that they should 
be taken into account in interpreting the chromosome tetrad. 

Numerical Reduction Without Qualitative Reduction— Figure 99 
illustrates the behavior of the chromosomes in maturation according to 
three not widely accepted views. A few workers, including Fick (1907, 
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1908), Mevcs (1907, 1908, 1911), Giglio-Tos (1908), and Granata (1910), 
reject the theory of chromosome individuality and specificity, and 
therefore do not regard the chromosomes which arc distributed to the 
four cells at maturation as at all identical with those of the divisions im- 
mediately preceding, except in so far as they are composed of the same 
nuclear material. Accordingly they recognize no qualitative reduction, 
but only a numerical one. This reduction in number results from the 
fact that the spireme formed in the heterotypic prophase (Fig. 99, A) 
segments into the haploid number of pi(‘ces instead of the diploid number, 
these pieces being simply divided longitudinally at both maturation 
divisions, and the four resulting nuclei being qualitatively similar. 





e 
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1*10. 9!). —Diagram showing tfiroc? reported modes of numerical reduction with- 
out (pialitative reduction. 

A, according to FieV et al. B, according to Vejdowsky; complete fusion of conjugating 
members. C, according to Bonne vie; bivalents arranged on .spindles in juxtaposition; 
fusion of conjugating members eventually becoine.s complete. 

According to Vejdowsky (1907) (Fig. 99, B) the chromosomes appear 
in diploid number in the heterotypic prophase and conjugate parasynapti- 
cally. The members of the pair fuse completely and lose their individual 
identity, so that the chromosomes appearing on the first maturation 
spindle in haploid number are new entities, and not merely temporary 
pairs of somatic chromosome individuals. At both divisions these bodies 
split longitudinally, giving equivalence to the four resulting nuclei. 
Here, as in the foregoing example, there is no definite qualitative reduc- 
tion in Weismann’s sense, though a numerical reduction is brought about 
by means of a complete fusion at the time of chromosome conjugation. 
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An interpretation put forward by Bonnevie (1906, 1908) is shown in 
Fig. 99, C. Here the (‘hroniosomes conjugate parasynaptically and 
come into very intimate union: although they appear to undergo a real 
fusion their identity is maintained for a time. Owing to the fact that 
these bivalent chromosomes are insertc'd upon the spindle with their 
halves in juxtaposition (side-by-side with respect to tlu^ poles) rather than 
in superposition (one toward eacli ])ole), the menilx'rs of a conjugated 
pair separate neither at the first division nor at tlu' sc'cond. As a n^sult 
each of the four cells receives the haploid number of chromosomes, all 
of which are bivalent, and no qualitative nuluction occurs. Bonncvi(‘ 
believes that the conjugating members of each pair finally fuse completely 
in the subsequent stages. In this case, then'fore, as in the preceding one, 
numerical reduction is supposed to result from a complete fusion of the 
chromosomes in pairs. 

Whether any confidence is to be placed in such int(u*pi‘etations or not 
and according to most cytologists none shouhl be — they at least serve 
to show how it is possible that numerical reduction may occur without 
effecting any qualitative reduction, and that the essential feature of the 
reduction of the chromosomes is something other than the mere change 
in their number, as pointed out at tlu^ Ix^ginning of the chai)ter. 

SYNAPSIS, OR CHROMOSOME CONJUGATION 

The phenomenon of chromosome conjugation, or .synapsis, which we 
have seen above is such an important feature of the reduction process, 
must now be somewhat more closely examined. Attention will be 
directed to three points: the relationship of the conjugating members 
(the synaptic mates’’), the stage at which the synaptic union takes 
place, and the exact nature of this union. 

Relationship of the Synaptic Mates. — We may first inquire into the 
relationship which may exist between the two chromosomes pairing to 
form a given bivalent chromosome: is any chromosome of the duplex 
group (the two intermingled parental chromosome sets in the individual’s 
nuclei) present in the gonotokont free to pair with any other chromosome, 
or does the pairing take place according to more restricting rules? 

It was suggested by Henking (1891) that the two synaptic mates are 
ultimately derived from the two parents at the previous fertilization, 
one from the father and the other from the mother: the chromosomes of 
one parental set pair with those of the other parental set to form the 
haploid number of bivalent chromosomes appearing on the first matura- 
tion spindle. This idea was later emphasized and developed by Mont- 
gomery (1900-4), Sutton (1902), Boveri (1901), and others, who found 
for it much supporting evidence in organisms with chromosomes differ- 
ing in size and shape. An observation made by Rosenberg (1909) on 
Drosera hybrids is significant in this connection. When Drosera rotundi- 
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folia (20 chroiriosoiuos) is crosse^d with D. longifolia (40 chromosomes) 
there results a hybrid with 30 chromosomes, of which 10 are contributed 
by rotuiidifolia and 20 by longifolia. When synapsis occurs preparatory 
to reduction in this hybrid only 10 bivalents are formed, 10 chromosomes 
remaining unpaired. This was taken by Rosenberg to mean that the 10 
rotundifolia chromosomes pair with 10 of the longifolia ones, leaving the 
other 10 of longifolia without synaptic mates. Had any chromosome of 
the duplex group of 30 been free to pair with any other, 15 bivalents 
would have been produced. 

Other instances of this phenomenon may be mentioned. By crossing 
(Enothera Lamar ckiana (seven chromosomes in gamete) with CE. gigas (14 
in gamete) individuals with 21 chromosomes are obtained. Geerts 
(1911) found that, preparatory to reduction, the Lamar ckiana chro- 

mosomes pair with seven of the gigas chromosomes, leaving the other 
seven of gigas unpaired. On the contrary, however. Gates (1909) found 
that the 21 chromosomes in a lata-gigas hybrid simply separate into two 
approximately equal groups, usually of 10 and 11 chromosomes re- 
spectively. Kihara (1919) reports that in some 35-chromosomc wheat 
hybrids formed by crossing Triticum polonicurn (14 chromosomes in 
gamete) with T. spelta (21 in gamete) there are present in the heterotypic 
prophase 14 bivalents {polonicurn conjugated with spelta) and seven 
univalents {spelta). The 14 bivalents are arranged on the spindle and 
separate as usual, whereas the seven unpaired spelta chromosomes split 
longitudinally at the first mitosis and distribute themselves irregularly 
at the second (Fig. 100), An analogous condition is found in Pigeera 
hybrids by Federley (1913). 

A very significant additional suggestion with respect to synapsis was 
made by McClung (1900) and Sutton (1902) : not only are the two chromo- 
somes which conjugate derived from the two parents, but they are hom- 
ologous—each chromosome of one parental set pairs with a particular 
chromosome of the other parental set, the two members of the resulting 
bivalent being presumably of corresponding hereditary value, as will be 
shown in Chapter XV, The evidence for this important hypothesis was 
found chiefly in Brachystola (Fig. 101) and a number of other insects 
having chromosome complements made up of members with constant 
characteristic differences in size and shape. Many such cases have been 
subsequently discovered, especially by McClung and his coworkers in 
their extensive researches on insect spermatocytes. As examples among 
plants may be cited Crepis virens, Najas major, N. marina, and Vida 
faha. 

Crepis virens (Rosenberg 1909) (Fig. 102) has six chromosomes: two 
long, two medium sized, and two short. When synapsis occurs the like 
chromosomes pair, forming bivalents of three sizes. The members of 
each pair separate and pass to the daughter cells at the first maturation 
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mitosis, each microsporc (after the second mitosis) liaviiig as a result 
three chiomosomes: oik^ long, one medium sized, and one sliort. Since 
the gamete receives such a simplex group of three chromosomes, and the 



Fig. 100. — Iletcrolypic mitosis iu Trilicum pobniicuni X T. .spdta. 

A, the 21 clinunosomcH (polar view). li, M hivulonts .separated into eomjmoent 
univulonts; 7 unpain^d spdfa chromosomes have .split and are about lo he di.strihuted. 
(After Kihara, 1019.) 

somatic cells of the new individual show six (two of each h'ngth), it is 
evident that the other gamete furnishes a similar simjilex grouj) of three. 



Fiq. 101. — The chromosome complement in the .spermatocyte of Brachyatola 
rnayna, (After Sutton, 1902.) 

In Najas marina and Najas major (Muller 1911; Tschernoyarow 
1914) the duplex group of 14 chromosomes is made up of seven visibly 
different pairs (Fig. 56 bis). In the heterotypic prophase these conjugate 
selectively to form seven bivalents, the reduced nuclei therefore receiving 
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a set of seven visibly different chroniosomos. Sakaniura (1920) holds 
the number here to be six rather than seven. (See p. 160.) 

In Vida faba (Sharp 1914; Sakamura 1915, 1920) there arc in the 
somatic cells 12 chromosomes, two of them being about twice as long as 
the other 10 (Figs. 56 and 102). At synapsis in the microsporocyte there 
are formed six bivalents, one of them having about twice the length of 
the other five. Hence it is clear that the two long chromosonn^s pair 
with each other. In the heterotypic mitosis the synaptic mates separate 
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It should he pointed out that cyloloj»;ists and ^jjeneticists have jji;enerally 
assumed that each synaptic pair is independent of all the others as 
regards the manner in which it is oriented on the heterotypic spindle. 
In some pairs the paternal iiK'inhers are directed toward one pole and in 
other pairs toward the other i)ol(‘. It is conceivable that in some cases 
all the paternal members might go to one pole and all the maternal 
members to the other. Direct t‘vidence that the assortment of the 
various chromosome pairs is in this respect a random one as originally 
assumed has been furnished by Mi.ss Carothers (1913, 1917). In the 
grasshopper, T rimer otropis, she finds that th(' components of some of tlu' 
bivalents arc visibly different in size, in the mode of attachment to the 
spindle fibers, and in the presence of constrictions; and that these differ- 
ences make it possible to show beyond question that tlu' s(‘veral pairs are 
(mtirely independent of om^ aiioth(‘r as rc'gards tlufir oricmtation on tlu‘ 
spindle and their conseqiumt distribution to th(' daughter cells. 

From the precise manner in which th(‘ distribution of chromosomes 
at the time of reduction and at other stage's of the' life cycle parallels the' 
distribution of the hereditary charaett.c'rs it is inferred that su(9i hom- 
ologous chromosome pairs represent the material basis for the allelo- 
morphic pairs of Mendelian characters exhibitc'd by the organism, 'bins 
subject is to be takem up in Chapter XV. 

The Stage at Which Conjugation Occurs. In the great majority of 
observed cases chromosome conjugation occurs during the prophasc' 
of the first maturation division. Since the chromatin threads at sonu' 
time during these prophases usually take the form of a tightly contracted 
knot out of which they emerge in an obviously double condition, it was 
suggested (Moore 1896) that the contraction is an important factor in 
bringing about the conjugation, and the contraction itself came to b(‘ 
called “ synapsis.’' J3ut an examination of the various modes of reduction 
shows that the conjugation may begin very early, before the contraction 
(Fig. 83) or, on the other hand, not until the spindle is established 
(Fig. 95, D), The conjugation of the chromosomes is therefore to be 
distinguished from the contraction. It has now become .customary to 
refer to the former, at whatever stage it occurs, as synapsis, and to the 
latter as synizesis. 

In an increasing number of reported cases the paired association 
apparently begins even before the heterotypic prophase. The chromo- 
somes have been observed in several instances to undergo pairing during 
the anaphase and telophase of the last premeiotic division. Such is the 
condition in certain Hemiptera (Montgomery 1900, 1901), Oniscus 
(Nichols 1902), Brachystola (Sutton 1902), Scolopendra (Blackman 
1903, 1905), Pcdicellina (Dublin 1905), and a number of more recent 
cases. Furthermore, the pairing has been stated to begin in the sperm- 
atogonia several cell generations before maturation in certain Hemiptera 
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and Ascaris (Montgomery 1904, 1905, 1908, 1910), Alytes (Janssens 
and Willems 1909), Helix and Sagitta (Stevens 1903; Ancel 1903), certain 
Diptera (Stevens 1908, 1911), and Pediculus (Doncaster 1920). 

More recently it has been shown that the homologous chromosomes 
may begin to show a paired arrangement even earlier in the cycle, in 
some cases directly after the parental groups are brought together at 
fertilization. In the Diptera, for example, Metz (1916a) has shown that 
the association, which at certain stages is so close as to constitute a 
synapsis, begins before the cleavage of the fertilized egg, and that the 
paired condition is maintained in all cells, somatic and germinal, through- 
out the life cycle. Metz examined 80 species and in all of them found 
such a somatic pairing. In Culex (Stevens 1910, 1911; Taylor 1914, 
1917), which has six chromosomes, the association can be seen in the 
nuclei of the segmenting egg, and in the early larval stages there follows 
an actual parasynaptic fusion, so that the somatic cells thereafter show 
three bivalent chromosomes rather than six univalents. In the matura- 
tion divisions the members of each pair separate, the gametes receiving 
three chromosomes each, just as they would had conjugation begun in 
the heterotypic prophase as usual. 

A loosely paired arrangement of the chromosomes in the somatic 
cells of plants has been reported by Strasburger (1905, 1907, 1910) for 
Galtonia candicans, Funkia Sieboldiana, Pimm sativum, Melandrium, 
Mercurialis, and Cannabis; by Sykes (1908) for Hydrocharis, Lychnis, 
Begonia, Funkia, and Pisum; by Overton (1909) for Calycanthus; by 
Muller (1909, 1911) for Yucca and other forms; by Stomps (1910, 1911) 
for Spinacia; by Kuwada (1910) for Oryza; by Tahara (1910) for Morus; 
and by Ishikawa (1911) for Dahlia. This is another matter that will be 
considered further in Chapter XII. 

The Nature of the Synaptic Union. — Because of the manner in which 
chromosome behavior is at present being applied to the solution of the 
problems of inheritance, no question concerning chromosome conjugation 
is more important than that of the exact nature of the synaptic union. 
In reviewing some of the opinions of this subject it will be convenient 
to list separately the views of the telosynaptists and the parasynaptists. 

In such cases as those described by Honking and by Goldschmidt 
Fig. 95, D) there is only a momentary end-to-end association of the fully 
formed chromosomes on the spindle of the heterotypic mitosis, there 
being no real fusion and almost no opportunity for an “interchange of 
influences.^' In the other tetrad chromosomes formed by telosynapsis 
(Fig. 95, E and F; Fig. 90) there is only slightly greater opportunity 
for such interchange. According to Scheme B (Fig. 89) the synaptic 
mates are at first arranged end-to-end, and only later, when partially 
condensed, do they take up a side-by-side position, allowing a more 
intimate and extensive union for a short time. 
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Generally speaking, the parasynaptists have given more attention 
to the details of the synaptic union than have the telosynaptists. Al- 
though cases are on record in which there is only a momentary para- 
synaptic association of fully formed chromosomes (von Voss 19M), 
the association usually extends over considerable time. !Most ])ara- 
synaptists hold that the conjugation begins with the association of the 
leptotene threads before or during synizesis, continues through the 
remainder of the prophase, and ends witli the anaphasic separation 
(Scheme A). The association of the synaptic mates is tluis long and 
intimate. (Concerning the closeness of the union, however, opinions 
differ widely. 

A few investigators (Vejdowsky 1907; Bonnevie 190(1, 19()S, 1911; 
Winiwarter and Sainmont 1909; Scimeider 1914) have thought that th('. 
conjugating members fuse com|)l('t(4y and los(‘ their individual identity, 
the “mixochromosomc'’ so foriiKMl then undergoing two true longitudinal 
splits along new planes at the two maturation divisions. In some cases 
(Bonnevie; see p. 251) the fusion may not b(‘ fully consummat(‘d until 
during the post-meiotie divisions. OtluMS Ix'lieve the split for tlu^ 
heterotypic mitosis to be along th(^ i)lan(‘ of conjugation (Cardiff 1906, 
Fasten 1914, and others). Prol)ably the most widely advocated view is 
that there is no actual fusion of th(‘ syna[)tic threads, the latter main- 
taining their identity conijdc'tely. Although tlaur association may at 
times be so intimate that they seem to constitute a single thick thread, 
the doubleness, if thus lost to view, reappears during later stages (Ihu’ghs 

1904, 1905; A. and K. E. Schreiner 1905, 1906; Mar^chal 1907; Overton 

1905, 1909; Robertson 1915, 1916) (Fig. 88). Several careful observers 
have reported that the doubleness can be seen at all stages (Grdgoire 
1907, 1910; Schleip 1906, 1907; Montgomery 1911; Kornhauser 1914, 
1915; Wenrich 1915, 1917). Gr^goire, who has argued strongly for this 
interpretation, has emphasized the ease* with whi(;h the closely appressed 
threads may be mistaken for a single thick structure. 

One of the most important suggestions which has been made con(!ern- 
ing chromosome conjugation is embodied in the “(Chiasmatype Hypo- 
thesis^^ of Janssens (1909). According to Janssens, the pairing threads, 
though remaining separate throughout the greater part of their length, 
fuse at one or more points as they twist about each other. When they 
again separate a break occurs at each of these fusion points, but along a 
new plane, so that each of the two resulting chromosomes is composed 
of portions of both conjugating members (Fig. 149). Ihis interpreta- 
tion, which has been admitted as possible by several of the investigators 
named in the preceding paragraph, is significant in that it shows how an 
orderly evolution of chromosomes with new constitutions may occur, a 
point of great importance in connection with current conceptions of the 
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physical basis of heredity. Special attention will be devoted to this 
question in Chapter XVII. 

Chromomeres. — An important role has been attributed to the chro- 
moineres by many students of synaf)sis. Allen (1905), for example, 
maintained that the fusion of the leptotcne threads in Liliimi involves a 
fusion of their chromomeres, the subsequent division of the fused chro- 
momeres initiating the resplitting of the pachytene thread. Allen found 
the chromomeres to be composed of still smaller chromatic elements, 
and offered various suggestions concerning the manner in which the re- 
splitting of the pachytene thread might be supposed to effect a redistri- 
bution of the “idioplasms.^' That chromosome conjugation is primarily 
a conjugation of small chromatic elements within the chromosome was 
held by Strasburger (1901, 1905) and the Schreiners (1906). The visible 
chromatin granules, or “ pangenosomes,” were conceived by Strasburger 
to represent complexes of “pangens'' such as were postulated by dc Vries, 
conjugation involving an interchange of these latter units. 

The chromomere interpretation has been adversely criticis(‘d by 
Gr(^goire (1907, 1910) on the basis of further evidence obtained from a 
study of the chromatic structures themselves. This author points out 
several serious objections to the view that the chromomeres arc auton- 
omous bodies, and concludes that they arc rather to be regardcnl simply 
as swellings or thicker portions of the chromatin thread, such thick por- 
tions remaining as th(‘ thread undergoes a stretching which is not uni- 
formly resisted at all points. Their frequently striking correspondence 
or paired arrangement in the synaptic threads is explained as the result 
of the response of the two closely associated threads to the same stn^tch- 
ing force. This interpretation is also shown to account for the variability 
in the dimensions of the chromomeres, their tapering form, the often 
reported absence of correspondence between the chromomcr(‘s of the 
two threads, and various other aspects. Wenrich (1916, 1917), on the 
other hand, has found that in Phrynotettix (Fig. 155) the chromomeres 
show a remarkable individual constancy in size and position in a given 
member of the chromosome complement, not only in the various cells of 
a given individual, but also in those of different individuals. These 
facts strongly suggest an autonomy of the bodies in question. 

Because of their great theoretical importance (see Chapter XVII) it 
is to be regretted that after such a large amount of research so many 
points regarding the process of synapsis should remain in such an un- 
settled state. It is hoped that further refinements in microtechnique 
may remove some of the obscurity which at present surrounds them. 

OTHER OPINIONS ON THE HETEROTYPIC PROPHASE 

Although the phe^^omena of the heterotypic prophasc, particularly 
synizesis and synapsis, are generally looked upon as normal occurrences 
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of considerable significance, not all investigators concur in this opinion. 
That synizesis is an artifact due to faulty fixation is an interpretation 
which, though it may be justified for certain cases in which the contrac- 
tion may be very slight or absent, is not of general application. Fixa- 
tion often serves to accentuate the appearance of contraction, but the 
characteristic synizesis figure has been observed widely enough in faith- 
fully preserved, and even in living material to make it evident that we 
are dealing here with a normal feature of the heterotypic prophase. It 
may not, however, be of univ(n*sal occurrence. 

R. Hertwig (1908) came to the conclusion, as a deduction from his 
theory of the miclcoplasmic relation, that th(' phenomena of the hetero- 
typic prophase represent an abortive mitosis: tli(‘ disturlx'd nucleoplasmic 
balance is restored to the normal by a multiplication of chromatin without 
an actual mitosis, the process taking the form of the chang('s peculiar to 
the heterotypic prophase. This vi('w of ilertwig, which was denied by 
Grdgoire (19096), is supported by Kingsbury and Hirsch (1912), who 
state : 

‘‘According to this view, on the one hand, synizesis represents ‘an attempt 
on the part of’ the spermatogonia to divide again — which fails; while on the other 
hand, the reputed conjugation of chromosomes occurring at about this time is 
but the imperfect fission and subsecpient fusion of daughter chromosomes of such 
abortive division.” 

The above quoted authors regard synizesis and synapsis as indications 
of the onset of degeneration. In this conclusion they are supported by 
Kingery (1917), who, in his investigation of the white mouse, finds 
synizesis in the primitive germ cells which degenerate, but not in the 
definitive germ cells. Observations of a similar nature were made by 
Wodsedalek (1916) in the mule. If, as Kingery (1917) and Popoff 
(1908) point out, the “heterotypic” changes are due to degeneration, 
they should be found in abnormal somatic cells. Marcus (1907), in 
fact, had observed a contraction similar to that of synizesis preceding 
degeneration in the cells of the thymus gland. Nernec (1903) and Kemp 
(1910) also found that in the cells of roots treated with chloral hydrate 
the nuclei come to have an abnormally high number of chromosomes 
(‘'syndiploid nuclei”), this number, according to Nernec, being gradually 
restored to the normal during the subsequent mitoses, which show 
phenomena of a heterotypic nature. Strasburger (1911), while agreeing 
will Nernec that the syndiploid condition gradually disappears, denied 
that any truly heterotypic phenomena arc concerned. The “hetero- 
typic” changes observed by Nernec he held to be only peculiar vegetative 
mitoses with a superficial resemblance to genuine reduction divisions. 

Nemec’s conclusion regarding a reduction in chloralized vegetative 
cells is also contradicted by Sakamura (1920), who has made a particu- 
larly exhaustive study of these phenomena. Sakamura finds that 9 . 
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variety of agencies, including chloral hydrate, benzene vapor, ether, chlo- 
roform, and the gall-producing secretions of Heterodera^ may be employed 
to bring about aberrations of the mitotic process. After the chromosomes 
are divided and partially distributed they may be reorganized in a single 
didiploid” nucleus. In other cases the chromosomes may reorganize 
as two or more nuclei with various chromosome numbers, and these may 
often fuse to form ‘^syndiploid ” nuclei. To all the kinds of stimuli applied 
the chromosomes react by becoming shorter and thicker, and thus appear 
like heterotypic chromosomes. Furthermore, latent or obscure constric- 
tions are rendered more conspicuous, so that some of the split chromo- 
somes appear like chromosome tetrads. Sakamura shows that these false 
tetrads do not represent heterotypic phenomena in any true sense: they are 
merely the result of the response of split and constricted chromosomes to 
the abnormal conditions induced in the cell, and have nothing to do with 
any reducing process. No such autoregulative reduction occurs in these 
didiploid cells, their gradual decrease in relative number being due to 
their lowered capacity for, and rate of, division. 

Child (1915) emphasizes the physiological significance of maturation, 
and shows that the heterotypic phenomena are associated with a low 
metabolic rate in the cells, that they may occur occasionally in other cells 
having a low rate, and that they can be induced artificially with narcotics 
as Nemec stated. 

All of these observations are interesting in that they indicate the 
nature of some of the physiological changes occurring at the time of matur- 
ation. The description of the heterotypic phenomena upon which will 
be based our ultimate interpretation of its significance, will not be com- 
plete until the physiological as well as the morphological changes have 
been exhaustively examined and correlated. But because it has been 
found that the onset of the meiotic process is associated with a lowering of 
the rate of metabolism which, if continued, may result in degeneration; 
or because appearances similar to those of the heterotypic prophase may 
occur in other cells with disturbed metabolism; it does not at all follow that 
the heterotypic phenomena are at bottom phases of a degeneration 
process, or that they have no other significance in the normal life cycle. 
These phenomena occur almost universally throughout the whole world 
of living organisms at a very critical stage in the life cycle and lead to 
significant results with a high degree of regularity. The lowered rate of 
metabolism accompanying them offers in the vast majority of cases no 
check to the normal functioning of the products of the maturation di- 
visions. It therefore seems more reasonable to regard the observed 
degeneration as a secondary effect that may occasionally set in during the 
normal heterotypic prophases because the metabolic rate is already at a 
relatively low level at that time, than to look upon the heterotypic 
changes as a part of a degeneration process which is only exceptionally 
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completcd-unlcss, i.ulocd, all chanRos i„ the orRanism which are ac-coin- 

panied by a fall in the metabolie rate bc' regarded as deRcnierative in 
character. 
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FERTILIZATION 


We have already pointed out that reduction and fertilization con- 
stitute the two principal cytological cris('s in the life cycles of all organisms 
reproducing sexually. Although the first of these processes was not dis- 
covered until 1888, some of the grosser features of fertilization had 
been made out many years previously (Chapter I). But tlu^ central 
feature of this process — the union of the two panuital nuclei was not 
known until 1875, when 0. Ilertwig discoveued it in animals, Strasburger’s 
parallel discoveries in filants following in 1877 (Spirogyra) and 1884 
(angiosperins) . As the finer details of fertilization and the significance 
of its rcvsults become better understood, the a[)tness of Huxley’s (1878) 
often quoted simile, in which ho compan's the organism to ^^a w(4) of 
which the warp is derived from the female and the woof from the male, 
becomes increasingly striking. 

We shall first describe the morphology of the fertilization i)rocess 
as it is typically shown in many animals, after which attention will be 
given to some of its physiological aspects. The second half of t he chaptcu' 
will be devoted to a review of fertilization in the various groups of tlK‘ 


plant kingdom. 

FERTILIZATION IN ANIMALS^ 

The Gametes.-- The spermatozoa of different animals (‘xhibit a 
surprising variety of form and structure (tig. 108). 
referred to as the ‘‘typical” spermatozoon consists of three fairly tlist met 
parts: head, middle piece, and tail or flagellum (Ihg. 104) 
represents the nuclear portion of the s{)erm cell, it consists a mos ^ o y 
of an extremely compact mass of chromatin. It has an envelope ol 
cytoplasm which in few forms is very conspicuous and in many cases is 
scarcely distinguishable. Anterior to the nucloAis there may be an 
acrosomc, and the end of the head often has the form o a sharp point, 
the perferatorium. Posterior to the head is the middle piece, this is 
made up of cytoplasm in which are located the centrosomal strucUi^ 
together with chondriosomes and other inclusions such 
bodies.” The flagellum, or tail, consists of a slender axial filament, 

I 1 . 1 , » thiM nortion of the chapter tlie author has drawn very freely 

upon pSe^f F. R. Lillie’s admirable and concise presentation of the subject. 
Problems of Fertilization (1919). 
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which grows out from the centrosome in the middle piece or in some 
cases apparently from the base of the nucleus, and a cytoplasmic sheath 
which usually extends not quite to its end. The sheath sometimes has 
the form of an undulating membrane. The spermatozoa of crustaceans 
and nematodes are non-flagellate, and in other groups various departures 
from the “typical” form and structure are known. A few of the many 
known types are shown in Fig. 103. 



Fiq. 103.— -Various typos of spermatozoa, 

A, Triton (salamander). (/1/Or liallowilz.) R, Nereis (annelid). {After Lillie, 1912.) 
C, guinea pig. {After Meves.) D, Phyllopneuste {hird). {After Ballowitz.) /i", sturgeon 
{After Ballowitz.) F, Vesperuyo (bat). {After Ballowitz.) G, Castrada hofmanni (turbel- 
larian). {After Luther.) H , Pinnotheres veterum {er\\»ii\.eQeL\\) . {After Koltzoff.) I,Homa- 
riis (lobster). {After Herrick). J, Ascaris (nematode); a, apioal body; n, nucleus; r, “re- 
fractive body.” {After Scheben.) 


The ovum undergoes nearly or quite all of its elaborate differentiation 
before the maturation divisions occur. Certain cells in the ovary gradu- 
ally become greatly enlarged (Fig. 105), and during this “growth period” 
the cytoplasm may not only differentiate into visibly distinct regions 
but may also become stored with energy-containing materials (“food”), 
which in the case of some animals, such as birds, is present in relatively 
enormous amounts. The “ovarian egg” or primary oocyte^ as the egg 
cell is called before the maturation mitoses take place, may have a definite 
limiting membrane at its surface, but in many forms this cannot be 
demonstrated. The nucleus of the primary oocyte is known as the 



FERTILIZATION 


275 


germinal vesicle: it is very large and contains in addition to its chromatin 
a considerable amount of material which appears to take no part in the 
formation of the chromosomes when division ensues. After the cyto- 
plasmic differentiation is complete and the oocyte has reached its full 
size— even after the spermatozoon has entered in many 



cases — the oocyte nucleus undergoes two divisions in ra[)id 
succession at the perijdiery of tlie egg, which at this point 
buds off two small nucleated cells, the polar bodies (Fig. 100). 
The first polar body may or may not divide again. The 
details of chromosome behavior in these t wo mitoses have been 
described in the j)rec(‘(ling chapter. Tlu' reduced or haploid 
number of chromosomes hdt in the egg organize the egg 
nucleus (“female pronucleus rendering the egg ready for 
the sexual fusion. 



Fig. 104. '''•"• 

Fig. 104. Diagram of typical flaKcllato .s|>(>rtiiatGZ(>()ii. 

P, perferatorium; A, acrosorno; .V. nucleus; M, .niddle lue.ay F, jixial Jihnnent.; S. 
cytoplasmic sheath; E, end piece. (A/lcr AVtlson.) 

Fio. 105. -The dilTcreutiation of the oocyte in Hydra. 

A very young oocyte lying between octoderina) celi.s at riglit. H, oocyte after growth 
period, with yolk globules, X 500. {After Downtny, 1009.) 


The time relation of the maturation of the (‘gg and tin* entrance of th(> 
spermatozoon varies consid(‘rably in different animals. In echinoderms 
and some other forms maturation is completed before the spermatozoon 
penetrates. In some other animals it proceeds as far as the metaphase 
of the heterotypic mitosis {Chtrlopterus, Cerebral ulus) or the prophase of 
the homoeotypic mitosis (many vertebrates), but does not go further 
unless penetration occurs. In the marine annelid, Nereis, finally, the 
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germinal vesicle undergoes no change unless the spermatozoon has 
entered the egg. 



Fiu. lUG. — Maturation and fertilization in Ascaria. 

A, spermatozoon about to enter egK- H, spermatozoon inside; first maturation mitosis 
in progress. (', first maturation mitosis completed; first polar body budded off. />, 
second maturation mitosis, fornnng se<‘ond polar body; sperm nu<*lqus below. E, male and 
female jironuclei, each with 2 chromosomes, meeting. E, first cleavage mitosis, showing 2 
paternal and 2 maternal chromosomes. {After Herhoig.) 



Fio. 107.— Fertilization in Physa (snail.) Sperm head and amphiaster at right, with 
long flagellum extending toward left. Second maturation mito.sis in progress. '{After 
Kostanecki and Wierzyski, 1896.) 


The Fusion of the Gametes. — In most cases the whole spermatozoon 
enters the egg (Fig. 107). In some sea urchins only the head and middle 
piece enter, while in Nereis the head alone passes in, the middle piece 
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and tail being left on the egg surface. The process in Nereis as de- 
scribed by Lillie (1912, 1919) is as follows. The egg of this worm has a 
tough vitelline membrane, an alveolar cortical layer, many yolk and oil 
droplets, and a large central germinal vesicle (nucleus). If many 
spermatozoa are present in the vicinity a large number attach themselves 
to the egg, but usually all but one are carried away by an outflow of jelly 
from the alveola) of the cortical layer. This layer now takes the form of 
a zone traversed by radial protoplasmic plates representing the walls of 
the alveohe. A transparent ‘‘fertilization cone” extends from the inner 
part of the egg across this zone and touches the membrane at the point 
where the spermatozoon is beginning to penetrate. The perferatorium 
pierces the egg membrane and becomes attached to the transparent cone. 
The latter is now withdrawn, carrying the head of the spermatozoon 
into the egg with it. Thus it appears that th(‘ initiative for the final act 
of penetration lies with the egg rather than with the spermatozoon. 
Since only the head enters the egg in Nereis it seems cl(*ar that tlie only 
necessary portion of the spermatozoon in the a(‘tual union is the nucleus: 
the middle piece and tail are accessory and function only as locomotor 
organs. 

The immediate visible effects of the entrance of the si)crm are seen 
chiefly in changes in the ai)pearance of the cortical region of the (*gg. If 
a vitelline membrane is present, as in vertebrates, a “ perivitelline 
space” usually appears between the membrane and the egg; and this 
space may in some cases (frog) be great enough to permit the rotation 
of the egg within the membrane. In the sea urchin ix fertilization mem- 
hrane is formed as the result of fertilization: it first appears at the point 
where the spermatozoon is attached and spreads over the egg with great 
rapidity. It seems probable that a delicate membrane already present is 
raised and thus made more conspicuous. In A. scarf, 5, which is parasitic 
in the intestine of the horse, this membrane becomes very thick and later 
acts as a protection against the digestive juices of the host. These 
cortical changes do not depend upon the actual entrance of the sperma- 
tozoon into the egg: in Nereis they occur before the slow penetration 
can be completed, or even if the spermatozoon is shaken loose shortly 
after penetration has begun. 

In describing the remarkable transformation undergone by the 
spermatozoon within the egg the behavior of its different organs will for 
the sake of clearness be considered separately. 

The Nucleus . — Immediately after gaining entrance to the egg (Fig. 
108) the sperm head begins to enlarge and assumes the usual form and 
structure of a nucleus. Meanwhile it advances toward the egg nucleus. 
As Lillie points out, both male and female pronuclei pass toward a posi- 
tion of equilibrium in a cell preparing to divide and consequently meet: 
the assumption of an attractive force between them is unnecessary. By 
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the time they meet the male pronucleus has usually, but not always, 
become equal in size and appearance to the female pronucleus. The 
union of the two pi-onuclei to form a fusion nucleus, or synkaryon, usually 



I'KJ. 108 . J>iagrain of fertilization and cleavage in an animal. It is assumed that 
in this case the egg has undergone maturation before the penetration of the 
spermatozoon. 



Fig. 109. —Independence of parental chromatin contributions in the cleavage 
of the egg of Cryptobranchus. 

A, first cleavage mitosis. H, C, prophase and metapha.se of fourth cleavage mitosis 
{After Smith, 1919.) 

occurs at once after they meet. In a great many cases there may be no 
actual fusion of the pronuclei at all: as they come close to one another 
eaeh passes through the prophase stages and gives rise independently to 
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its group of chromosomes, the two groups arranging themselves on a 
common spindle which organizes when the nuclear membranes dissolve. 
The first cleavage mitosis (first embryonal division) then ensues, and 
the two daughter nuclei receive longitudinal halves of each and every 
chiomosome. Thus in the act ol fertilization, in both animals and plants, 
each parent furnif^hes the ojjspring with a haploid set of chromosotncs, 
the two interiningled sets constituting the diploid set of the new individual, 
bince every chromosome divides equationally at every subsequent somatic 
niitosisj every cell of the body receives half of its chromosome complement 
fiom each parent. The cardinal importancie of this fact in connection 
with cuiient theories of hcnality will be appanmt in subsc'quent chapters. 

^Hie two groups of chromoosmes, paternal and maternal, can often b(' 
distinguished not only on the spindk' of the first cleavage division, but 
in several divisions thereafter’. As examples may be cited Cyclops 
(Riickert 1895; Ha^cker 1895), Crepidula (Conklin 1901), and Crypto- 
branchus (Smith 1919) (f'ig. 109). This phenomenon is especially evident 
in hybrids (p. KiO). There is much reason to believe that tlu^ chro- 
matins of the two parents, although intermingled in the nuclei of the 
offspring, never actually fuse', unle'ss it is at the time? e)f synapsis in the 
next maturation; anel it has alreaely been pe)inteel out (Chapter XI) that 
the^y may not fuse ewen then. This fact also has an important bearing on 
the chromosome theory of here'elity. 

The Centrosome.—iSeo Wilson 1900, i)p. 208 ff.) Shortly after the 
entrance of the spermatozoehi into the egg (Figs. 100-108) an aster elevel- 
ops at the base of the sperm head, anel in the aster a c(?ntrosom(? appears. 
Since the centrosome thus arises in the position of the middle piec(', and 
since the centrosome of the spermatid is included in the middle piece? dur- 
ing spermatogenesis, a widc'ly accept(?d theory has been that the lu'wly 
appearing centrosome is in reality that of the spc'rmatid. Whatc'ver its 
origin, it soon divides to form the two which function in the first cleavage 
mitosis. These facts had much to do with the formulation of a theory of 
fertilization set forth by Boveri ( 1887, 1891), who was much impressed by 
the conspicuous part played by the centrosomes in cell-division. Accord- 
ing to Boveri's theory the egg is not able to undergo division because of 
the lack of any centrosome to initiate the process, while the spermatozoon 
has a centrosome but not sufficient cytoplasm in which to act. Through 
the union of the gametes all the organs necessary for division are brought 
together and cleavage proceeds. This theory has recently been recalled 
by Walton (1918) in his work on Ascaris cams. 

Another early view of the origin of the cleavage centrosomes was that 
of van Beneden (1887) and Wheeler (1895, 1897), who believed them to be 
the centrosomes of the egg cell. 

The theory that the cleavage centrosomes arise from both egg and 
spermatozoon is of some historic interest. It was suggested by Rabl 
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(1889) that if the ccntrosome is a permanent cell organ the conjugation of 
the gametes must involve not only a union of nuclei but also a union of 
centrosomes (Wilson, p. 210). Fol (1891), in his work on cchinoderm 
eggs, thought that he observed just such a process, which he termed ^'The 
Quadrille of the Centers/^ The egg centrosome and the ccntrosome 
brought in by the spermatozoon were both supposed to divide, the prod- 
ucts then fusing in pairs to form the two cleavage centrosomes. A simi- 
lar thing was reported by certain other investigators, but none of the cases 
stood the test of later work. Another theory now abandoned was that 
advanced by Carnoy and Lebrun (1897), who also attempted to derive one 
centrosome from each gamete. The cleavage centrosomes were thought 
to arise de novo and separately, one inside each pronucleus, to migrate 
thence into the (cytoplasm. 

Much less confidence is now placed in the persistence of the spermatid 
or egg centrosomes through the fertilization stages. Since the middle 
piece, which is thought to contain the centrosome, does not enter the egg 
at all in Nereis, it seems probable that the mah^ nucleus in some way 
induces the formation of asters and centrosomes by the egg cytoplasm. 
Lillie found that even a portion of the sperm head will bring about this 
effect. In Unio (Lillie 1897, 1898) and Crepidida (Conklin 1897) it seems 
not unlikely that (^ach pronucleus causes the formation of one cleavage 
centrosome. In the sea urchin Wilson (1901) concluded that the cleav- 
age centrosomes in all probability arise by the division of one which orig- 
inates de 710V0 at the nuclear membrane. In almost every case there are 
gaps in the known history of the centrosome in fertilization, and it seems 
very doubtful whether the cleavage centrosomes arc continuous with 
those of either gamete. This conclusion is supported by the fact that the 
formation of asters with centi-osornes in the egg cytoplasm can be arti- 
ficially induced by treating the eggs with certain chemicals, such as weak 
MgCU. It is possible that the spermatozoon carries a substance which 
brings about centrosome formation in a similar way. However this may 
be, the importance of the centrosome undoubtedly lies in its relation to 
cleavage rather than to fertilization. 

Cytoplasm and Choridriosomes. — In some cases (Nereis) no cytoplasm 
can be shown to enter the egg with the spermatozoon, whereas in others 
(A scam) a relatively large amount is brought in. Its great indefiniteness 
in behavior makes it seem probable that it has no special significance in 
the fertilization process. 

The importance of the chondriosomes in fertilization has been empha- 
sized by Meves (1911, 1915), who finds that many of these bodies are 
present in the large cytoplasmic mass accompanying the sperm nucleus 
in Ascaris, and that they mingle with the chondriosomes of the egg. 
Meves (1908, 1915, 1918), together with other writers, accordingly thinks 
that they are concerned in the transmission of certain hereditary char- 
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actors. Several observations, however, fail to harmonize with this view. 
In some echinoderms the middle piece, which contains the chondriosomai 
material, is not distributed to the daughter cells during the cleavage 
divisions, but remains in one of them. It is unlikely that hereditary 
material would behave in this manner. Furthermore, in the worm, 
Nereis, the middle piece does not even enter the egg. In Peripatus 
(Montgomery 1912) the chondriosomai mass is thrown out of the 
spermatid. Wildman (1913) points out that in Ascaris also the chon- 
driosomes may be largely lost during spermatogenesis. Although their 
almost constant presence in tlie spermatozoon indicates that they have 
a special physiological role (comparable to that in other cells, there is as 
yet no adequate reason to regard them as important in the transmission 
of the factors of inheritance. 



Fig. 110. — (’hroinidioKainy in Areetla. (From Mirichin, after Sivarczrwsky.) 
Somowhut modified. 


Fertilization in Protozoa. — Among the protozoa there are found 
several modes of sexual union very different from that described above for 
the higher animals. Four illustrative cases may be cited (see Minchin 
1912). 

In Arcella, a rhizopod with a hemispherical shell, the protoplast has 
two ‘‘primary nuclei'^ and many scattered chromidia. Two individuals 
come together with their shell openings opposite one another (Fig. 110), 
and the protoplasm of one flows almost entirely into the other shell, 
where it mingles with that of the other individual. The primary nuclei 
degenerate, while the chromidia become divided up into fine granules. 
The protoplasm with the fine chromidia now becomes evenly distributed 
in the two shells, after which the latter separate. In each individual the 
chromidia now form “secondary nuclei;” around these are organized 
uninucleate amoebulse which escape from the shell and give rise to new 
Arcella individuals. This process, in which the chromatin chiefly con- 
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ccrncd is that of the chroniidia and not that of the larger nuclei, is quite 
rare and is known as chroniidiogamy. Arcella also has the other form of 
sexual union, karyogamy . 



Vui. 111.- -Copulation in AcUnophrys .W. X 8.50. {From MincMn, after 

Schaudinn.) 


In Actinophrys sol (Schaudinn 1896) (Fig. Ill) two individuals, each 
with a single nucleus, approach each other and become enclosed in a 
common cyst. In each of them the nucleus now undergoes two pre- 
hmiiviry mitotic divisions, at each of which a small ''reduction nucleus” 
is expelled from the body in a manner very similar to the expulsion of 
chromatin into the polar bodies of higher animals. The two individuals, 



or gametes, as they may now be called, fuse completely, their nuclei 
uniting to form a synkaryon. Soon the synkaryon divides mitotically, 
this being followed by the division of the cell to form two individuals 
which escape from the cyst and resume the vegetative state. 

In Aniceba alhida (Niigler 1909) (Fig. 112) a peculiar process known as 
autogamy occurs while the organism is in the encysted state. The single 
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nucleus divides, forming; a lar^c vegetative nucleus and a smaller gener- 
ative nucleus. The former moves to the surface of the cell and degener- 
ates, while the latter gives rise to the gamete nuclei in the following 
manner. After becoming elongated and incompletely divided it buds 
off four reduction nuclei” — two from one end and then two from the 



other. It then completes its division to form the two gamete nuclei, 
or pronuclei, while the four reduction nuclei degenerate. After lying 
apart for some time the two pronuclei approach each other and fuse; 
sexual union thus takes place between sister nuclei. 

The complicated nuclear behavior occurring at the time of conjugation 
in Paramoecium caudatum (Fig. 113) may best be described in the words 
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of Wilson (1900, pp. 224-22G). In ^^Paramaaciuni caadatum, which 
possesses a single macronuclcus and inicronuclcus, . . . conjugation is 
temporary and fertilization mutual. The two animals become united 
by their ventral sides and the macronuclcus of each begins to degenerate, 
while the micronucleus divides twice to form four spindle-shaped bodies. 
Three of these degenerate, forming the ^corpuscles de rebut,’ which 
play no further part. The fourth divides into two, one of which, the 
‘female pronucleus,’ remains in the body, while the other, or ‘male 
pronucleus,’ passes into the other animal and fuses with the female 
pronucleus. Each animal now contains a cleavage-nucleus equally 
derived from both the conjugating animals, and the latter soon separate. 
The cleavage-nucleus in each divides three times successively, and of 
the eight resulting bodies four become macronuclei and four micronuclei. 
By two succeeding fissions the four macronuclei are then distributed, 
one to each of the four resulting individuals. In some other species 
the micronuclei are equally distributed in like manner, but in P. caudatimi 
the process is more complicated, since three of them degenerate, and 
the fourth divides twice to produce four new micronuclei. In either 
case at the close of the process each of the conjugating individuals 
has given rise to four descendants, each containing a macronucleus and a 
micronuclcus derived from the cleavage-nucleus. From this time forward 
fission follows fission in the usual manner, l)oth nuclei dividing at each 
fission, until, after many generations, conjugation recurs.” 

The Physiology of Fertilization. — The principal results of fertiliza- 
tion are two: the activation of the egg, and, in dioecious organisms, 
biparental heredity. Both of these have their physiological as well as 
their morphological aspects, and in the present section the first of them 
will be considered with special reference to its physiology. What is the 
nature of the physiological reactions through which the development of 
the egg is initiated? In the terms used by Child (1915), how does 
fertilization bring about the rejuvenation of the egg, which is a physio- 
logically old cell? The attack upon this problem has been carried out 
along two main lines: by a study of artificial parthenogenesis and by a 
direct analysis of the chemical constitution of the gametes at these stages. 

Artificial Parthenogenesis . — This line of attack has been followed 
particularly by Loeb, who has found a number of methods by which the 
parthenogenetic development of unfertilized eggs may be artificially 
induced.^ As stated in the foregoing pages, the first externally visible 
effect of fertilization is in many animals the formation* of a fertilization 
membrane. The formation of this membrane, which seems to be a 
condition necessary to the future development of the egg, Loeb was able 
to induce in the California sea urchin by placing the eggs for 2 minutes 
in a solution made up of 50 c.c. of sea water and 3 c.c. of a tenth-normal 
* For a convenient summary of such methods see Harvey (1910). 
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fatty acid (biUyTic, propionic, or valcrinnic), and then back into pure 
sea water: the membrane then forms by a cytolysis of the cortical layer 
of the egg. Although in some forms (starfish) this one treatment is 
sufficient to bring about successful development, in most cases (sea 
urchin) the eggs become sickly and die. Loeb found that this sickli- 
ness may be prevented, allowing normal development, l)y either of two 
second treatments. It, after memt)rane foianation, the eggs are phuaal 
for 20 minutes in hypertonic S('a water or other solution with an osmotic 
pressure 50 per cent above that of ordinary sea water, they will develop 
normally when returned to pure sea wat('r. The same effect may be 
brought about, though not always so successfully, by placing the eggs 
for 3 hours in sea water free from oxygen, or into sea water with a trace 
of KCN. It is therefon' concluded by Loeb that the stimulus to such 
parthenogenetic development has two phases: the inducement of mem- 
brane formation by cytolysis, and th(‘ subsccpient effect of th(' hyptu- 
tonic solution. In rare cases th(‘ first treatiiH'nt alone is sufficitmt for 
normal development, but in all cases it at least starts the egg into activity. 
As a result of these exj)eriments Loeb has inter])reted the action of the 
spermatozoon in normal fertilization on the assumption that it carries 
two substances: first, a lysin which brings about membrane formation 
by cytolysing the cortical layei- of the egg, and which can act (wen if 
the spermatozoon does not (uib'r the egg; and second, a substance which 
produces an effect similar to that of the hypertonic scai water employed 
in the experiments. The (piite different explanation offered by lallie 
will be mentioned further on. 

How it is that cytolysis of the cortical layer of the egg l)rings about 
activation Loeb attempts to explain in the following manner. A calcium 
lipoid compound forms a continuous layer just beneath the surface of the 
egg, and the solution of this lay(‘r would probably result in the destruc- 
tion of the cortical emulsion. It is assumed that in this cortical region 
there is a catalytic agent which increases the metabolism (rate of oxida- 
tion, etc.) of the egg. Following Warburg (1914) Loeb suggests that the 
cytolysis releases the catalyzer by breaking down the cortical emulsion; 
this results in an increase in the rate of oxidation and other reactions, and 
development proceeds. 

That the process of activation is bound up primarily with reactions 
occurring in the cortical region of the egg is shown further by the experi- 
ments of Guyer (1907), Herlant (1913, 1917), McClendon (1912), Loeb 
and Bancroft (1913), and particularly Bataillon (1910), who have shown 
that the egg of the frog may be made to develop by pricking it with a 
needle, especially if some blood enters the egg with it; and also by the 
researches of R. S. Lillie (1908, 1915), who finds that starfish eggs may 
be made to develop parthenogenetically by exposing them to high 
temperatures for definite periods. (See F. R. Lillie, 1919, Chapter VII.) 
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Heilbruiin (1920) shows that the of Cumiiigia can be induced to 
undergo maturation by agencies wiiich release the fluid cytoplasm from 
the restraint of the tough vitelline membrane. If the membrane be 
swollen, elevated above the egg surface, ruptured, or removed the 
maturation changes begin at once. 

The sickliness and death of those eggs given only the first treatment 
Loeb thought to be due to the continued action of th(' cytolytic agent. 
Against this conception it is urged by F. R. Lillie that since any activated 
egg not developing normally cytolyzes sooner or later from internal causes, 
it is more probable that the si(;kliness and death are due to some internal 
cause resulting from aestivation, and points out that such a conclusion is 
supported by the cytological phenomena in eggs activated by Loeb’s 
method. To these phenomena we may turn for a moment. 

Eggs which have been given the first treatment alone do not l)egin to 
flisorganiz(' for many (12 to 24) hours. During this period Herlant (1917) 
has observed the following events. After the formation of, the mem- 
brane and a hyaline zone, alterations c('ase, and the nucleus Ix'comes the 
seat of a series of conspicuous changes. The nucksar membrane dissolves, 
and around the chromosomes there is formed a monaster (one-poled 
group of achromatic fibers), but no ampliiaster develops. The chromo- 
somes divide but do not separate, and although the cytoplasm becomes 
active no cytokiiK'sis ensues. The chromosomes them return to the 
resting condition. This process is repeated several times, the nucleus 
increasing in bulk each time, but it soon becomes very irregular and the 
egg ultimately breaks down by general c^ytolysis. The second treatment 
(Loeb’s method) in some way gives the C’gg the capacity to divide regu- 
larly. Morgan (1899) and Wilson had long before shown that such 
treatment with hypertonic sea water causes aster formation in the 
unfertilized sea urchin egg, Herlant shows that one of these asters and a 
second aster formed in connection with the egg nucleus together form an 
ampliiaster, normal division then ensuing. 

In the light of these facts it seems evident that the death of the egg 
after the first treatment alone is not due to the continued action of the 
f^ytnlytic agent employed, but rather to irregularities in the activation 
processes aroused by the cortical changes in the absence of a proper 
coordination of nuclear and cell division. The second treatment pro- 
duces a regulatory effect, partly through aster formation, resulting in 
normal development. This recalls Roveri’s morphological theory of 
normal fertilization. 

Dirext Analysis of the Fertilization Process . — In contrast to the theory 
that the spermatozoon contributes organs (Boveri) or substances (Loeb) 
necessary for the activation, Lillie (1919, Chapter VII) regards the egg 
itself as an “independently activablc system. “The egg possesses all 
substances needed for activation; the spermatozoon is an inciting cause 
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of those reactions within the egfjj system upon which developinent 
depends.’’ As a result of his direct analysis of the ganudc's during tlie 
fertilization peiiod Lillie has identified a substance in the (‘gg which he 
calls feriilizin. Tliis substance is pn'sent in the egg for a short tinu' 
only; its formation usually begins at about the time the germinal vesicle 
begins to break down, and imniediatcdy after fertilization its production 
ceases, possibly through the neutralizing action of a second substance, 
called *‘aiiti-fertilizin.” As a rule it is only during the pc'riod at which 
fertilizin is present that spc'rinatozoa will enter the egg; tlu' (‘gg r(‘- 
mains fertilizable for but a short time. Ibmce it seems clear that it is 
not the fertilization iiKunbrane that prevents the entrance ot other 
spermatozoa, as Fol thought, but rather the physiological state of the egg. 
That the protection is thus a physiological rather than a nu'chanical 
one is indicated by the bict that niembranek'ss (’gg fragments without 
fertilizin an^ not enten'd by sp(‘rmalozoa. 

Fertilizin has two effects: it first, acts by causing an agglutination 
of the spermatozoa at the sui'fac(’ of th(‘ egg, and later causes the activa- 
tion of the egg. It may thus be said to stand bet weem the spc'rmatozocin 
and the activation n’actions in th(‘ (‘gg. Being pres(mt in the egg s(’cre- 
tion at a certain period it binds the si)ermatozo()n to the surface of the egg, 
and the spermaiozoiin, w'ithout iK'cessarily penetrating the (‘gg at all, 
by means of a sul)stance which it bears relc'ases the activity of the 
fertilizin within the egg, which results in development. In brief, the 
activating substance is already i)resent in the (’gg and is not In’ought 
to it l)y the spermatozoiin. It may b(‘ incit(‘d to activity by the sperm- 
atoz( 3 on, but by other agenci(‘s as well. 

In concluding this sk(‘lch of th(‘ physiological feaimns of fertiliza- 
tion we may state briefly tlu’ immediate j)hysiological conseqiKUices of the 
process as summarized by Lillie (1919, Chapter V). The rate of oxida- 
tion increases in most cas('s in which it has been •investigat(‘d. In tlu’ s(‘a 
urchin egg (Warburg 1908-1914) this rate inc^rcases as much as six- or 
seven-fold; in four- or five-fold (Locb and Wasteneys, 

1912, 1913); in the starfish, apparently not at all. The (’gg memlnaiu^ 
becomes more permeable to oxyg(‘n, COa, pigment, water, alkalis, intra- 
vitain stains, and a number of other substances. The protoplasm be- 
comes less fluid after fertilization (Heilbrunn 1915). This g(dation (‘ffect 
Chambers (1917) believes to center upon the sperm aster. The volum(’ 
of the egg decreases and its electrical conductivity rises. The most 
conspicuous chemical change is seen in the lo.ss of the fertilizin, and witli 
it the loss of capacity for further fertilization reaction. 

FERTILIZATION IN PLANTS 

Although the c(‘nlral act of the |)rocess of fertilization is i(‘gulaily 
the union of two sexually differentiated nuclei, the morphological 



288 


INTRODUCriON TO CYTOLOGY 


features associated with this fusion are more varied in plants than in 
animals. This is especially true of the algse and fungi. 

Algae. — In Ulothrix fertilization consists in the complete union of 
two morphologically similar, motile biciliate gametes (Fig. 114, A). 
In T ucus the two gametes are very dissimilar: the male (sperniatozoid) is 
small, laterally biciliate, and actively motile (Fig. 114, B), while the 
female (egg), though discharged from the oogonium, is large and passive, 
as in all higher plants and animals. In (Edoqonium (Fig. 114, D, E) the 



I’Ki. 1 14.— SpcrinatozoidM of plants. 

A, Ulothrix: y jrainote; 2, gametes fusing (isogarny) ; 3, zygospore, /i, Fucus. (Afttr 
Omunard.) C, Zeuma. (.4//rr Webber.) D, bit of filament of mogonium; spennatozoids 
escaping from antheridial cells below; .sperniatozoid about to enter egg above. (After 
(AflfJi -iV (Fdogonimn. F, Chara. {After Belajeff.) G, Orioclea. 

(After bltil ) h or figures of spennatozoids of BUif^ia, Folytrichian, Equisetum, and Marsilia, 
see rigs. 2S, 211, 30, and 32. 


egg is not siied from the cell which produces it, but is fertilized in situ, 
a condition which is retained in all the higher plant groups. The sperni- 
atozoid in this genus has a crown-like ring of cilia. In Spirogyra (and 
other Conjugatse) certain vegetative cells, without further morphological 
differentiation, function as gametes. The entire contents of such a cell 
pass through a conjugation tube to a similar cell in an adjacent filament, 
where the two unite to form the zygospore. The two nuclei fuse, but the 
chloroplasts furnished by the contributing (“male”) gamete may event- 
ually degenerate {Zygnema). In Polysiphonia a non-motile male gamete 
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(spermatium) comes in contact with a prolongation (trichogync) of the 
female sex organ (carpogonium). Solution of the intervening walls allows 
the nucleus of the spermatium to pass into the trichogyne and down to the 
female nucleus in the base of the carpogonium. In Polysiphonia we 
have one of the few cases among lower plants in which the fusion of the 
sexual nuclei has been minutely described. According to Yarnanouchi 
(1906) the male nucleus, by the time it has reached the female nucleus, 
has resolved itself into a group of 20 chromosomes (Fig. 115, A). In this 




Fi({. 1 15. 

A, fcrlilizjition in Poly.siphonia. (Iroup of male chromosomes about to cuter female 
nucleus. {After Yarnanouchi, 1906.) li, fertilization in Alhtiyo Candida. Female nucleus 
lying in center of ooplasm near the “ coenocentrum ” (larger dark body.) Anthcridial tube 
about to discharge a male nucleus; another male nucleus in neck of tube. Additional nuclei 
in periplasm surrounding' the obpla.sm. {After Davis, 1900.) 

condition it enters the female nucleus while the latter is yet in the reticu- 
late state. Soon the female reticulum becomes transformed into 20 
chromosomes, which arrange themselves with the 20 paternal chromo- 
somes upon the spindle as the fusion nucleus divides. 

Fungi, — In the Phycomycetes sexual reproduction occurs in two princi- 
pal forms, which serve to divide the group into two main divisions: 
Oomycetes and Zygomycetes. 

In the Oomycetes the cytological phenomena are best known in the 
Peronosporales and Saprolegniales. In the former there is differentiated 
in the oogonium a single large egg into which the contents of an antheri- 
dium are discharged through a penetrating tube. In Albugo hliti and 
A. portulaccos (Stevens 1899, 1901) the egg has a large number of nuclei, 

19 
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and after the entrance of the antheridial nuclei about 100 sexual fusions 
occur. In Albugo Candida (Cystopiis Candidas) (Wager 1896; Davis 
1900), Peronospora parasitica (Wager 1900), Albugo tragopogonis and 
A. ipomceae (Stevens 1901) the mature egg has but one nucleus, which 
fuses with a single male nucleus discharged into the egg by an antheridium 
(Fig. 115, 5). In all cases an oospore results. 

In the Saprolegniales, as shown by the researches of Davis (1903, 
1905), Miyake (1901), Trow (1895-1905), and Claussen (1908), there arc 
two general conditions. In Saprolegnia (Trow, Davis, Claussen) from 
10 to 15 uninucleate eggs are formed within an oogonium. One or more 
antheridia send in conjugating tubes and deliver a male nucleus to each 
egg, in which a single sexual fusion then occurs. In Pythiurn (Trow 1901 ; 
Miyake 1901) a single uninucleate egg is produced, the fertilization 
process closely resembling that in Albugo Candida. 

In the Zygomycetes, represented chiefly by the Mucoracea), the sexual 
process consists in the union of the contents of two similar (except oc 
casionally in size) multinucleatc gametangia, the result of the fusion 
being a zygospore. As shown by Blakeslcc (1904) those two gametangia 
are borne on the same mycelium in some specaes (“homothallic” species), 
whereas in other species (‘‘heterothallic^^ species) they arc regularly 
borne on different mycelia, no zygospores being formcMl in the latter spe- 
cies on a mycelium arising from a single spore. Owing to the extremely 
minute size of the nuclei their behavior at these stages is not well known. 
By some investigators (Macormick on Rhizopus nigricans, 1912) it is 
held that only one fusion occurs, the remaining nuclei degenerating. 
Others (Keene on Sporodinia grandis, 1914) think it probable that al- 
though some degeneration occurs, the nuclei nevertheless fuse in pairs 
in considerable numbers. Until further researches have been carried out 
very little of a definite nature can be said concerning the nuclear history 
of the Zygomycetes. 

In the Ascomycetes (sec Atkinson 1915) the fusion of two nuclei 
in the ascus was first described for several species by Dangeard (1894) 
(Fig. 116, A), who regarded it as a sexual fusion and the ascus as an oogo- 
nium. The matter soon became complicated when a number of cytolo- 
gists, beginning with Harper (1895 etc.), found what they believed to be 
a nuclear fusion at an earlier stage in the life cycle. This fusion was 
described as occurring (a) in the archicarp when fertilized by the contents 
of an antheridium (Harper on Sphwrotheca castagnei, 1895, 1896, Erisiphe 
1896, Pyronerna confluens 1900, and Phyllaclinia 1905; Blackman and Fra- 
ser on Sphcerotheca 1905; Claussen on Boudiera 1905) ; (5) in the archicarp 
when the antheridium is functionless or absent (Blackman and Fraser 
on Humaria granulata 1906; Fraser on Lachnea stercorea 1907; Welsford 
on Ascobolus fw'furaceus 1907; Dale on Aspergillus repens 1909); or (c) 
in the vegetative cells when the archicarp is functionless or absent (Fraser 
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on Humana rutilans 1907, 1908; Carruthers on Helvella crisim 1911; 
Blackman and Welsford on Pohjstigma rubrum 1912). By the above 
investigators this early fusion was regarded as a sexual one, that in the 
ascus being vegetative in nature; and soma described a “double reduc- 
tion in the ascus to compensate for the two nuclear fusions. (Sec' 
p. 223.) 

In a series of somewhat later r(\searches another group of observi'rs 
found the evidence for an early fusion to be very unsatisfactory, and 
concluded that the only nuclear union in the life cycle is that occurring 
in the ascus: with Dangeard they saw in this union the sexual act. Fur- 
thermore, no “double reduction’* was found in the ascus. Among the 
researches supporting this vi(nv, which now appc'ars to be the more 
probable, may be cited the following: C'laussen on Pyronema conflnefifi 



Fm. no. 

A, nuclear fusion in the ascus of Peziza vcmcidoNa. (Aftrr Danacard, 1804.) H, cell 
fusion in asciosporo sorus of Phraumidium apcciosiun. Afltr Chrisfman, 


1907, 1912; bchikorra on Monancua 1909; W. H. J^rown on Pyronema 
confluens 1909, Lachnea scutellala 1911, and Leotia 1910; Faull on Lah- 
oulbenia 1911, 1912; Blackman on Ce//ema 1913; Nienburg on 

Poly stigma rubrum 1914; Ramlow on Ascophanus carneus and Ascobolua 
immersus 1914; Brooks on Gnomonia erythrostoma 1910; McCubbin on 
Helvella elastica 1910; H. B. Brown on Xylaria tentaculata 1913; and Fitz- 
patrick on Rhizina undulaia 1918a. 

As the two nuclei fuse in the young ascus Harper (1905) observtnl in 
the case of Phyllactima corylea that not only the chromatin systems but 
also the nucleoli and “central bodies** (centrosomes), upon which the 
chromatin strands converge, unite. In the Ascomycetes generally the 
fusion nucleus, or “primary ascus nucleus,** undergoes three successive 
mitoses to form the eight ascospore nuclei, the spore walls in each case 
being formed in association with the curving astral rays which focus upon 
the centrosome. (See p. 80.) • 
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In certain yeasts it has been shown (see Guilliermond 1920) that the 
production of ascospores is preceded by a copulation of two cells with a 
fusion of their nuclei, the fusion nucleus dividing to form the spore nuclei. 
A somewhat similar copulation of the ascospores themselves has also 
been observed in a few cases. 

Among the Basidiomycetes the nuclear phenomena are best known 
in the case of the rusts, owing to the researches of Blackman (1904), 
Christman (1905), and a number of later writers. In the typical rust 
life cycle there is a fusion of uninucleate cells at the base of the aecial 
sorus (Fig. 116, B). The binucleate cells thus arising produce the biriu- 
cleate aeciospores; and these upon germination form a mycelium with 
binucleate cells, the two nuclei dividing in unison (“conjugately ^’) at 
each cell-division. After producing a series of crops of binucleate 
uredospores this mycedium eventually bears teliospores which may con- 
sist of one or more cells. In each cell of the teliospore the two nuclei 
delivered to it as the result of . the conjugate divisions throughout the; 
binucleate mycelium finally unite, initiating the uninucleate phase of 
the life cycle. Here the fusion of sexual cells and the fusion of their 
nuclei — two events which in most organisms ocanir very near each other 
in time — are widely separated in the cycle. The two nuclei dividing 
conjugately constitute together a synkaryon in many respects equivaleng 
to a diploid nucleus. Since there is as yet no evidence to show in what 
degree the two effects of fertilization (the stimulus to development and the 
mixing of hereditary lines) are brought about in the rusts by the fusion 
of the sexual cells on the one hand and by the final union of th(ur nuclei 
on the other, it seems best to regard the two fusions as two phases of the 
fertilization process in spite of their wide separation in the life history. 

In the Hyrnenomycetes it has been known for some time that a fusion 
of two nuclei occurs in the basidium, itself the terminal cell of a binucleate 
hypha, prior to the formation of the four basidiospore nuclei (Fig. 79). 
The origin of the binucleate condition in the mycelium which has ap- 
parently arisen from a uninucleate spore has long been an obscure point. 
It has recently been shown by Miss Bensaude (1918) in the case of 
Coprinus fimetarius that the binucleate hyphse arise as the result of cell 
fusions (‘‘plasmogamy;’^ ^^pseudogamy”) between uninucleate hyphse 
arising from different spores, and that no carpophores arc produced upon 
a uninucleate mycelium arising from a single spore. Thus it appears 
that in at least some hyrnenomycetes the sexual process is initiated by a 
fusion of two cells of different strains (^^plus” and minus”)? in the 
hcterothallic molds. 

Bryophjrtes and Pteridophytes. — In bryophytes and pteridophytes 
the details of the union of the motile spermatozoid with the egg in the 
archegonium have been described in very few cases. In the former 
group may be cited the works of Garber (1904) and Black (1913) on 
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Riccia, Meyer (1911) on Corsiniaj Graham (1918) on Prcissia, and 
Woodburn (1920) on Rehoulia. It appears that in bryophytes the body 
of the biciliate spermatozoid, which consists mainly of nuclear material, 
undergoes in the egg cytoplasm a transformation into a reticulate nucleus 
before fusing with the egg nucleus (Fig. 117). The fate of the non- 
nuclear structures (cytoplasm, blepharoplast, and cilia) is not known 
with certainty, but it is probable that they arc absorbed in the egg cyto- 
plasm. In the liverwort, Preissia 
quadrata, Miss Graham has found 
two centrosornes with weakly de- 
veloped asters in the cytoplasm of 
the egg at the time the two pronuclei 
are about to fuse (Fig. 23, A). It is 
not known what relation their ap- 
pearance may have to the entrance 
of the spermatozoid. 

The most detailed account of fer- 
tilization in a pteridophyte is that 
given by Yamanouchi (1908) for 


Kio. 117. 

Fio. 117. — Fertilization in Anthtceros. MaU* and female i)ronucloi about to fuse in 
lower part of egg in venter of archegoniurn ; elongated plastid above them. Gameto])liyte 
cells .show one nucleus and one phi.stid each. X 1050. 

Fig. 1 is.— F ertilization in Nephrodium. 

A, spermatozoid entering egg nucleus. B, spermatozoid becoming reticulate in midst 
of female reticulum. (After Y amariouchi, 1008.) 

Nephrodium (Fig. 118). In Nephroditmi the multiciliate spermatozoid 
enters bodily into the egg nucleus with no previous alteration into the 
reticulate state. Here it gradually becomes reticulate and irregular in 
shape, until finally its limits are indistinguishable, the chromatic material 
contributed by the two gametes apparently forming a single fine-meshed 
network. 

Gymnosperms. — Among living gymnosperms the Cycadales and 
Ginkgoales are characterized by the possession of motile spermatozoids. 




Fig. 118 . 
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These spermatozoids are very much alike in structure and behavior in 
the two groups, and are unusually large, being easily visible to the naked' 
eye. The body is made up of a large nucleus surrounded by a thin 
cytoplasmic layer in which is imbedded a long, spirally coiled blcpharo- 
pla.st bearing many cilia (h ig. 1 14, C). The behavior of the spermatozoid 
in fertilization has been studied in Ginkgo by Iliras^ (1895, 1918) and 
Ikeno (1901); in Cycas revoluta by ikeno (1898); in Zamia Jloridanahy 
Webber (1901); and in liioon edule, Ceralozamia mexicana, and Stangeria 



Fig. 119. Fertilization 
ill Zamia. Male nucleii.s 
uniting with egg nucleus at 
center; cytoplasmic^^sheath 
with spiral blopharoplast 
above. Another sperm 
outside egg. X 25. {After 
TFt'55f-r, 1901.) 


paradoxa by Chamberlain (1910, 1912, 1916). 
In all cases the entire spermatozoid penetrates 
into the egg cytoplasm, where the nucleus frees 
itself from the cytoplasmic sheath with its 
blepharoplast and cilia and advances alone to 
the egg nucleus, with which it fuses (Fig. 119). 
The behavior of the chromatin during the fusion 
is not well known in either Ginkgo or the cycads. 

In the Coniferales and Gnetales the male 
cells have no motile apparatus. Each consists 
of a nucleus surrounded by a more or less 
sharply delimited mass of cytoplasm. In most 
cases this cytoplasm remains intact until aft('r 
the male cell has entered the egg, but in other 
forms, such as Pmus, it mingles with the cyto- 
plasm of the pollen tube, so that only male 
nuclei, rather than completely organized male 
cells, arc delivered to the egg. All the nuclei 
present in the pollen tube— ^stalk nucleus, tube 
nucleus, the two male nuclei, and in certain 
sf)ecies free prothallial nuclei — may be dis- 
charged into the egg. All but the functioning 
male nucleus usually degenerate at once, but in 
some cases they have been observed to undergo 
division. 


When a complete male cell enters the egg the cytoplasm of the former 
shows two general modes of behavior. In some species it may be left 
behind in the peripheral region of the egg as the male nucleus frees itself 
and advances alone to the female nucleus. This type of behavior has 
been reported in Pinus (Ferguson 1901, 1904), Thuja (Land 1902), 
Juniperus (Nor^n 1904), Cryptomeria (Lawson 1904), and Libocedrus 
(Lawson 1907). In Sequoia (Lawson 1904) the male nuclei escape from 
their cytoplasm before their discharge from the pollen tube, and enter 
the egg alone. In a second group of species the male cytoplasm remains 
intact and invests the fusing sexual nuclei, being clearly distinguishable 
from the cytoplasm of the egg. The pollen tube cytoplasm often plays 
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a conspicuous part in the formation of this “ mantle. This phenomenon, 
the significance of which can only be conjectured, is found in Taxodium 
(Coker 1903), Torreija calif oniica (Robertson 1904), Torreya taxifoJia 
(Coulter and Land 1905), Cephalotaxus Fortunei (Coker 1907), Ephedra 
(Berridge and Sanday 1907; Land 1907), Phyllocladus (Kildahl 1908), 
Junipenis (Nichols 1910), Agathis (Karnes 1913), and Taxua (Dupler 
1917). 

Chromosome Behavior. — The behavior of the chromosomes during 
the fusion of the sexual nuclei and the first embryonal division has 
been described in a number of conifers. As a general rule, to judge from 
the data at hand, the chromatin contributions of the two pronuclei do 
not become intimately associated in the fusion nucleus, but remain 
distinguishable until the first embryonal mitosis occurs. h]ach of the 
pronuclei then gives rise to its complement of (ihromosomes which 



.4 H - 


Fhj. 120 - - [•''cr til 17, a lion in Pinns. 

yl,. male nucloua pressins into luiclous. X 140. B, fir.st otnhryoiial initoni.s, 

showing separate paternal and maternal chromosorne groups. X 472. (After Feruuaon, 
1904.) 


become arranged, often as two separate groups, upon a common 
spindle. Such an independent formation of the male and female 
chromosome groups has been observed in Pinus (Blackman 1898; Cham- 
berlain 1899; Ferguson 1909, 1904) (Fig. 120), Larix (Woyeiki 1899), 
Tsuga candensis (Murrill 1900), Juniperus communis (Noren 1907), 
Cunninghamia (Miyake 1910), and Abies (Hutchinson 1915). In 
Sequoia, on the other hand, Lawson (1904) reports that the two nuclei 
form a common reticulum in which the male and female constituents 
cannot be distinguished. With regard to the first embryonal mitosis 
the general opinion has been that idl the chromosomes, paternal and 
maternal, split longitudinally, the daughter chromosomes being distri- 
buted to the daughter nuclei as in any other somatic mitosis. This 
type of behavior was described for the chromosomes of Pinus by Miss 
Ferguson (1904) and at once came to be regarded as general for coni- 
fers, as it had been for other organisms. 

A new interpretation differing in certain fundamental points from the 
above has been more recently suggested by Hutchinson (1915), as a result 
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of his work on Ahies halsamea. According to Hutchinson (Fig. 121) 
there appear in the fusion nucleus two groups of chromosomes, each 
containing the haploid number (16). A spindle is differentiated about 
each group; and the two spindles soon unite to form one, thus bringing 
the two chromosome groups, representing the two parental contributions, 
into closer association. The chromosomes now approximate two by two 
to form 16 pairs. The members of each pair twist about each other and 
become looped; each of them becomes transversely segmented at the 
apex of the loop, forming 32 (2x) pairs of segments; these pairs separate 
to form 64 (4x) chromosomes; a new spindle is formed and 32 (2x) 
chromosomes pass to each pole. 



Fig. 121. — The behavior of the chromosomes in fertilization and the first embryonal mitosis 
in Abies, aceordiiiK to Hutchinson. (1915.) 

This interpretation of chromosome behavior at fertilization is remark- 
able not only because it indicates features resembling those of the hetero- 
typic prophase, but chiefly because it actually calls for a qualitative 
reduction of the chromatin at the first embryonal mitosis if the chroma- 
tin is not qualitatively the same throughout the nucleus. This impli- 
cation has not been discussed by the advocates of the new theory. The 
chromosomes pair and twist about one another in a way that parallels 
closely their behavior during the prophase of a reduction division. That 
the doublencss seen is due to a pairing and not to a splitting as has 
heretofore been held is supported by the assertion that the pairs are 
present in the haploid number, rather than in the diploid number as 
would be the case were a splitting of all the chromosomes occurring. If 
the two members of each pair were to separate at the first embryonal 
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mitosis, a reduction, qualitative as well as miniorical, in all respects 
similar to that accomplished in the regular heteroty[)i(; mitosis, would 
be brought about if the pairing members are qualitatively different. 
But* instead of such a separation, each member of each pair segments 
transversely, giving 4x segments which are equally distributc'd to the two 
daughter nuclei, each of the latter receiving the diploid number. Since 
the 4x segments become more or less intermingled before their distri- 
bution it is probably impossible to determine just which ones pass to 
each pole. If both halves of one transversely divided chromosome pass 
to one pole (see Fig. 122), that daughter nucleus only, and not the other, 
will receive the kind of chromatin carried l)y that chromosome, so that 



Fig. 122. — Diagram .showing the behavior of tlic chromo.soinos in fertilization and the 
fir.st embryonal initosi.s a.s usually interpreted (upper part) and according to Hutchinson’s 
interpretation (lower part). 

the two nuclei will be qualitatively different. A qualitativii reduction 
will have occurred, but without a cdiange in the number of chromosomes, 
since each old chromosome has become two new ones. If, on the other 
hand, the two li^lves of the transversely segmented chromosome regularly 
pass to opposite poles, each daughter nucleus will receive a half of each 
and every parental chromosome: thus if there are just as many kinds of 
chromatin as there are chromosomes, these nuclei will be qualitatively 
alike, just as they would be had the division been longitudinal instead of 
transverse. But, as has been stated in the chapter on reduction and will 
be developed at greater length in Chapter XVII, there is a considerable 
body of evidence which indicates that each chromosome is not only 
qualitatively different from its fellows, but possesses a linear differen- 
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tiation of some sort; so that the separation of the two halves of a trans- 
versely divided chromosme would constitute a qualitative reduction. 
If such actually is the condition of the chromatin, and if the chromosomes 
do behave as Hutchinson supposes, a qualitative reduction must imrftedi* 
ately follow each fertilization, and half of the resulting body cells must 
have a constitution differing from that of the other half. Since there are 
known no chromosome fusions in which a restoration in the number of 
qualities is known to occur, the number of these qualities in a single 
chromosome would in a few generations be reduced to one: in view of 
the large number of past generations this must have already occurred. 

This new interpretation of chromosome behavior at fertilization and 
the ensuing mitosis is thus seen to offer a direct challenge to those 
theories of heredity that arc based upon the idea of chromosomes carry- 
ing linear series of differentiated units. It has now been put forward by 
Hutchinson (1915) for Abies balsatnea, by Chamberlain (1916) for 
Stangeria paradoxa, and by Miss Weniger (1918) for Lilium philadel- 
phiciini and L. longiflorurn. Consequently several investigators have 
j'cnewed the study of fertilization, and evidence contradictory to the 
new theory has been found by Miss Nothnagel (1918) and Sax (1918), 
whose researches arc summarized in the following section on the 
angiosperms. 

Angiosperms. — The angiosperms are characterized by the occurrence 
of ‘‘double fertilization/' a phenomenon discovered independently by 
Nawaschin (1898) and Guignard (1899). One of the two male nuclei 
formed by the male gametophyte and brought into the embryo sac by 
the pollen tube, enters the egg and fuses with its nucleus, thus forming 
the primary niK^lcus of the embryo, while the other male nucleus fuses 
with the two polar nuclei to form the primary endosperm nucleus (Fig. 
123, B). As the male nuclei pass down the pollen tube they are usually 
unaccompanied by any specially differentiated cytoplasm: the male 
gametes are naked nuclei and not complete cells. In some cases, how- 
ever, male cells have been reported (Fig. 123, A). When they are 
liberated in the embryo sac by the rupture of the end of the pollen tube 
any such cytoplasm is indistinguishable from that of the sac and that 
discharged from the pollen tube. The male nuclei may appear in all 
respects similar to other nuclei, or they may be distii^tly vermiform, 
as was observed by Mottier (1898) and later by many other workers 
(Fig. 123, E). That such vermiform nuclei have the power of inde- 
pendent movement has been held by Nawaschin (1899, 1900, 1909, 
1910) for Lilium and Fritillaria, by Guignard (1900) for Tulipa, and by 
Blackman and Welsford (1913) and Miss Welsford (1914) for Lilium 
Martagon and L. auratum. The vermiform condition may persist until 
the time of fusion, but in other cases, such as Fritillaria (Sax 1916), it 
gives way to the ordinary shape. This change may occur more rapidly 
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in one male nucleus than in the other, so that the two may appear quite 
unlike during the later stages. Miss Welsford also sees in the male 
cytoplasm certain granules which she thinks may represent the vestiges 
of blhpharoplasts. 




Fig. 123. Fertilization in angiospcrins. 


Ay end of pollen tube from basal portion of style of Liiium auralurn, .showing two male 
cells and tube nucleus. X 250. (After Welaford, 1014.) B, double fertilization inLUiimi 
canadense: male and female nuclei about to fuse in egg; .second male and two polar nuclei 
fusing at center of embryo sac; s, synergids, one degenerated; a, antipodals X 250. 
C, fusion of sexual nuclei in egg of Liiium phitadelphicum. X 1000. (After Wenifjery 
1918.) D, the second male and two polar nuclei in LiUum Marlafjon. X 750. (After 
Nothnagel, 1918.) E, vermiform male nucleus in contact with egg nucleus in Triticum 
durum. X 600. (After Sax, 1918.) F, spireme stage of triple fusion nucleus in Triticum 
durum, showing distinctne.ss of three chromatin contributions. X 750. (After Sax, 1918.) 
G, inclusion of cytoplasm in fusing sexual nuclei of Peperomia sintenesii. (After Brown, 
1910.) 


Fusion in Egg.~A» already stated, one male nucleus passes into 
the egg and fuses with the egg nucleus. So far as observations enable 
one to say, only the male nucleus, and no cytoplasm, enters the egg, a 
point of much importance in connection with the transmission of heredi- 
tary characters from the male parent. It would be a matter of extreme 
difficulty, however, to demonstrate conclusively that in passing through 
the egg membrane the male nucleus is absolutely freed of all adhering 
cytoplasm or chondriosomes; and it must be admitted that such a 
demonstration has not yet been given in any case. The fusion of the two 
sexual nuclei probably occurs in most cases very soon after they come 
in contact, though in certain forms the actual fusion is known to be 
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consideral)ly delayed. The ehroinatin of the two nuclei at the time 
these unite may be in the reticulate (resting) condition, the male and 
female chromatins being indistinguishable in the fusion nucleus. This 
situation was described by most of the earlier workers, including Stras- 
burger (1900, 1901), Mottier (1904), Nawaschin (1898, 1899), and Ernst 
(1902). It has also been reported by Sax (1916) in his recent work on 
Fritillaria, In other cases, as early reported by Guignard (1891), the 
chromatin has already reached the spireme stage characteristic of the 
prophase, the male and female elements being distinguishable on the 
spindle in the ensuing division of the fertilized egg. Such is the (condi- 
tion, for instance, in Calopogon (Pace 1909), Trillium (Nothnagel 1918), 
and Lilium (Weniger 1918). That the same species may show con- 
siderable variation in this respect is indicated by the situation in 
Fritillaria, in which Sax (1916, 1918) finds that fusion, though it usually 
occurs in the resting stage, sometime^s tak(*s place after the spiremes 
have been developed. Miss Weniger (1918) reports that in Lilium 
philadelphicum and L. longiflorum the egg nucleus is in the resting (con- 
dition and the male nucleus in the spireme stage at the time of union. 

Chromosome Behavior, — With regard to the behavior of the two par- 
ental groups of chromosomes, it has been generally held that, whatever 
their condition at the time of the nuclear union, all of them, both pater- 
nal and maternal, split longitudinally at the first division of the fer- 
tilized egg, the daughter chroirmsoines so formed being distributed to 
the two resulting nuclei, just as in all the subse(|ucnt somatic divisions. 
Recently, however. Miss Weniger (1918) has reported a condition in 
Lilium similar to that described by Hutchinson (1915) for Abies: the 
maternal and paternal chromosomes form pairs and divide transversely 
into daughter segments which pass to the poles. (Sec p. 296.) With 
this conclusion other recent investigations of fertilization in angiosperms 
are not in agreement. Miss Nothnagel (1918) finds in Trillium no such 
pairing and cross segmentation as Hutchinson and Miss Weniger de- 
scribe, and states that each chromosome splits longitudinally as held 
by Miss Ferguson for Pmus and by cytologists in general. Sax (1918) 
also shows that each paternal and maternal chromosome in Fritillaria 
divides longitudinally, the diploid number (24) passing to each pole. 
In Trillium he reports an essentially similar state of affairs, the diploid 
number here being about 28. He therefore holds that the first mitosis 
in the fertilized egg is like any other somatic mitosis, and that no mech- 
anism for the segregation of factors of inlieritance, such as occurs at 
reduction, exists here. The outcome of this controversy is awaited with 
much interest because of its great theoretical importance. 

Endosperm Fusion. — The fusion of the second male nucleus with 
the two polar nuclei of the embryo sac to form the primary endosperm 
nucleus may be carried out in a variety of ways. The most commonly 
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reported method is that by which the two |)olMrs fuse to form an “em- 
bryo sac nucleus’^ before the entrance of the pollen tube, the male 
nucleus later being added. Ernst (1902), for example, found this to be 
the method in Pans quadrifolia. Less frequently tlie male nucleus 
meets and fuses with the polar nucleus of the micropylar end of th(' sac, 
the other polar then fusing with the product. This is the method de- 
scribed by Nawaschin (1898, 1899) in his account of the discovery of 
double fertilization in Liliuni Martagon and Fritillaria tenelUi. The 
simultaneous fusion of all three nuch'i appears to be a common 
occurrence; it has recently been described in some detail by Miss Noth- 
nagcl (1918) for Trillium iind Jjtlnitn. Just as in the case? of the union 
of the first male nucleus with the egg nucleus, th(' chromatin of the 
second male and two polar nuclei may be eitlnu’ in the reticulate or the 
spireme condition as they couk^ together. In Liliiwi Martagon (Noth- 
nagel 1918) (Fig. 123, D) it is in the form of fine strands, intermediate 
between the resting and spinane stag(‘s. Although the three nuclei often 
appear exactly alike, it is frecpiently possible to distinguish the male 
from the polars, not only by its shape and smaller size, but by th(‘ 
condition of its chromatin: in Liliuni longijlormn (Weniger 1918), for 
example, the male nucleus is in the sjiireme stage while the polar nuclei 
arc still in the resting condition. The membraiK's of the three nuclei 
may persist for some time aftiu’ they coiik* into intimate contact, and 
even after they have dissolved tin' chromatic elements of the three con- 
stituent nuclei may in many cases be distinguished if th(‘ section has 
been made in a favorable^ plane. When fusion occurs in the resting 
stage this is not so apparent, but when it occurs in the s{)ireme stagii 
the three chromatic groups arc made out with little difficulty. 

Endosperm . — As the division of tln^ endosperm nucleus approaches 
the spiremes of its three constituent nuclei become incn'asingly dis- 
tinct, even if one or more of the nuclei hav(' fused in the resting stage. 
Nothnagel (1918), Weniger (1918), and Sax (1918) in their recent studies 
all report this condition (Fig. 123, F). As the spiremes are being 
developed into completed chromosomes all of them (3x in numl)er) split 
longitudinally, no observer reporting such a pairing as some have thought 
to occur between the chromosomes of the egg and first male nuclei. 
Miss Nothnagel describes the formation of a tripolar spindle about the 
chromosomes; the bipolar condition soon develops from this. How 
frequently this may occur is not known. Flventually in any case the 
mitosis proceeds along the usual lines and the two daughter nuclei receive 
3x chromosomes each. This number is characteristic of all the cells of 
the endosperm formed by the repeated division of these nuclei. An 
exceptional condition has been noted by Sax (1918) in Fritillaria. 
Here the lower polar nucleus, because of an irregularity in the mitosis 
giving rise to it, has 24 (2x) chromosomes instead of the normal 12 
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(x). Consequently the female parent contributes 30 chromosomes (24 in 
one polar nucleus and 12 in the other) to the endosperm, while the male 
parent contributes only 12; thus the endosperm has 48 (4x) chromo- 
somes instead of the normal 36. 

Although in the great majority of known examples endosperm is 
formed by the repeated division of a triple fusion nucleus, cases are known 
in which it is produced by the polar fusion nucleus (embryo sac nucleus) 
alone without the male, or by the fusion product of the male and one 
polar, or by one polar alone. Combinations of these three methods may 
be found in the same embryo sac. The development of the endosperm 
may be initiated by the formation of a number of free nuclei which are 
parietally placed and in later mitoses become separated by walls, or 
by the formation of walled cells from the start. (See Coulter and Cham- 
berlain, 1903.) 

The term xenia was applied by Focke (1881) to the effect of foreign 
pollen on the endosperm of the resulting seed in angiosperms. Thus if 
maize of a certain strain which produces seeds with white endosperm when 
self-pollinated, is pollinated with pollen from a plant whose seeds have 
red endosperm, the endosperm of the resulting hybrid seeds is red like 
that of the pollen parent. No satisfactory explanation of this phenom- 
enon was at hand until the discovery of double fertilization by Nawas- 
chin and Guignard in 1898-9. It then became clear that the endosperm, 
which was formerly supposed to contain only maternal nuclear material, 
may show endosperm characters of the parent furnishing the pollen for the 
reason that the latter contributes a nucleus to the primary endosperm 
nucleus, so that every endosperm cell contains some nuclear material 
from the pollen parent. 

Normally the endosperm cells are all alike in containing two chromo- 
some sets from the female parent and one set from the male, and the nor- 
mal inheritance of endosperm characters as well as all ordinary cases of 
xenia can be understood on this basis. Mottled or mosaic effects in the 
endosperm of maize hybrids were attributed by Webber (1900) to such 
abnormal modes of endosperm origin as were referred to in a foregoing 
paragraph: some of the cells may have been formed by polar nuclei 
of purely maternal constitution while other cells were the result of the 
independent division of the second male nucleus. Although this explana- 
tion may fit some cases, it is becoming apparent from the work of Emerson 
and others that most of them can be better accounted for on the basis of 
aberrant chromosome behavior, such behavior having been observed in 
certain other organisms. 

Additional evidence is found in all these phenomena for the theory 
that the nuclear substance in some way represents the physical basis of 
inheritance. The second male nucleus not only is concerned in the 
initiation of the development of the endosperm, but xenia shows that it 
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also transmits parental characters. Hen', therefore, as in the sexual 
fusion in the egg, the two principal effects of fertilization may be 
recognized. 
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APOGAMY, APOSPORY, AND PARTHENOGENESIS 
APOGAMY AND APOSPORY 

Th(‘ life cycle in all hryophytes and vascular plants is characteriz('d 
l)y a i('gular alternation of two well marked phases or generations: the 
(f(U)ietophyte, which arises from the s|)orc and produces gametes; and tlie 
si)()ro})hyte, which arises from the fusion product of two gametes and 
j)roduces spores. In such a normal life cycle the number of chromosomes 
in the nuclei is doubled at (he union of the gametes and reduced to the 
original numbc'r at sporogem'sis: the gametophyte is th(‘r('for(^ the haploid 
g(‘n(‘ration and the sporophyte (h(‘ dijdoid generation, tluur limits being 
marked by the two cytological crises, fertilization and n'duction. Such 
an alternation of haploid and diploid phases has been discovered in the 
life cycles of many algae and fungi also, so that the general conception 
of alternation of generations has been extended to these lower groups. 
This, however, is not the place for a discussion of the homologies implied. 
It should be added that gametoi)hytc and s[)orophyte may arise not only 
from each other, but either generation may also multiply by vegtdative 
means. 

Many instances in which the above* typical life* cycle is eleparted from, 
and in whie*h the* e*e)rrelation betwe'cn the altvi nation of twe) g(‘ne*i*ations 
and perie)dic changes in chrome)se)me‘ number is broken, are* now known, 
the conspicuous examples being founel among the* ferns anel e:ertain 
angiosperms. The very convenient e'lassification of such abnormalities 
drawn up by Vines (1911) is given as the basis fe)r the present pe)rtion 
of the chapter. All dates and the matter inclueled within sepmre brackets 
have been added by the present author. 

‘'In the first place, the sporo[)hyte may be developed either after- an 
abnormal sexual act, or without any preceding sexual act at all, a con- 
dition known as apogamy. In the second, the gametophyte may b(*. 
developed otherwise than from a post-meiotic spore, a condition knowit 
as apospory. * 

^ [Apogamy in ferns was discovered by Farlow in 1874. Apospory was discovered 
in mosses by Pringsheiin in 187G and in ferns by Druery in 1884. General discussions 
of these phenomena are given by Winkler (1908) and Strasburger (10096).] 
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Apogamy. -Tli(‘ ease's to lu' eonsidered iindi'r this head may b(' 
arranged in two grciups: 

1. Pseudapogamy: sexual act abnormal . — The following abnormalities 
have been observe'd: 

(a) Fusion of two fcmalo organs: obs(>rvc(l (Chrisfinan 1905) in 

tcifain UHalinca* {((tt/ttiu yiiteiiSj PhTtigtHidiuin speciosufn, 
Uromyceti Caladii) whore arljacent arcliioaip.s fuse: male colls 
(sponnatia) ar(> pro.sont but fnnclionlo.ss. 

(b) I'’usion Ix'twoon nucloi of lh(> sana' foinah! oigan; observed in the 

ascogoninin of cc-rtain ascoinycetes, fliittian'ii (jraiiidatd (Black- 



121. — Apojianiy in forns. 

V rnn «arnetopl,yte cells c,f Lasfnva pscialo-mas var. polydactyla. 

X oUO. {After Farmer and Dlyhy, 1907.) B, section throuKh Kainetophvte. showins 

“enKrafted” into surrounding gametophy tie tissue (r/) . 
eUftr Inirne) and Dtyhy.) C, .sporophyte arising apogamously from gametophvte in 
creOm: /P, first leaf; ^ stem apex: ,c. ^ (After de Bary.) i .v . 


man lOOO), where there is no male oig.xn; Lachnea stercorea 
(I'raser 1907), where the male organ (pollinodiiim) is present 
but apparently functionless. [A similar (condition has been 
reported in Ascoholus furfuraceiis (Welsford 1907), Aspergillus 
repens (Dale 1909), and Ascophanus carneus (Chitting 1909).] 

(c) Inision of a female organ with an adjacent tissue-cell: observed 
(Blackman 19046) [Blackman and Fraser 1900] in the archicarp 
of soiiK^ IJredinea) {Phrngmidium violaceurn, Uromyces Poce, 
Puccima Poarum): male cells (spermatia) present but function- 
less. 
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(d) I h('r(' IS no Icinnli' orfr.ui : fusion (nkos placi' licl wocn ( wo .■nijnccni 

tiss(ic-crIlsofUicfrinioto|)liyt(';th(>si)oro|)liy((.iH(l('V('lo|)C(lfroni 

(li|)lonl colls (“frinfto.l (issiio”| thus pioduco.l, hut tlicro is no 
proper /,yf)'o(o as (here is in a. h, and c: ohservinl (l''arnier [and 
Difthy] 1007) in (ho prothalliuin of certain ferns {Liislnrii /isnid,,- 
mos. var. pol,/, lari,, la) 121 , .Ij: male organs (and sometimes 

lemale) present hut liinet ionless. Another siii’li ease is (hat 
of llaaiaria ralilans (aseomyee(e), in which nuclear fusion 



has heen ohsi'rved (Fra.ser 190, S) in hyplia; of tlic hypothceium: 
the asci are deveh'ped from thc.se hyplue, and in them meiosis 
takes place; there arc' no sexual organs. [A similar condition 
has heen reported in llelvella cri.K,,a ((,'arnithers 1911) and 
PohjMgma rubrum (Hlackinan and Wclsford 1912). It has 
already been poiided out (p. 291) that many students of the 
a.scomycetcs deny the existeiic(> of a nuclear fusion in the 
archicarp or vegetativi' cells, holding rathm- (hat (he only 
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fusion in tlin life cydo is lliiit ohsorv(Ml in tlin ascus, and that 
this fusion is the nuil sexual aet.J 

[(e) Fusion of two haploid sporocytes: In Afipidlum falcalum (li. F. 
Allen 1911) a haploid sporophyte arises by vegetative apoganiy 
from a haploid gametophyte. In the sporangium the lb 
haploid sporocytes fuse in pairs, })roducing eight di[)loid cells 
(Fig. 125, A). In these cells reduction occurs, 32 haploid 
spores resulting.] 

2. Eu-apogamy: no kind of sexual act. 

(a) The gametophyte is haploid: 

(a) The sporophyte is developed from the unfertilized haploid 
oosphere: no such case of true parthenogenesis has yet been 
observed. [Kusano (1915) has observed the division of 
the haploid nucleus of an unfertilized egg in a few excep- 
tional cases in the oYehid^Oastrodiaelata. Part henogeiKdic 
development proceeds no further. The unf(*rtilized egg of 
Fucus has been made to begin development by artificial 
means (Overton 1913), but the cytological facts are not 
known here. Motile gametes of certain other alga? have^ 
been observc^l to develop without conjugation, as in 
Ectocarpus tonientosus (Kylin 1918).] 

(/3) The sporophyte is developed vegetatively from the gameto- 
phyte and is haploid: observed in the prothallia of certain 
ferns, Lastreea pseudo-mas, var. cristata-apospora (Farmer 
and Digby 1907), and Nephrodium nioUe (Yamanouchi 
1908). [In the gametophytes of Nephrodium molle, which 
has antheridia but no functional archegonia, Yamanouchi 
found no nuclear migrations such as Farmer described 
in Lastreea (see Id); but there was haploid grafted tissue, 
from which a haploid sporophyte developed. In Nephro- 
dium hirtipes (Steil 1919) a haploid sporophyte arises by 
■ vegetative apogamy from a haploid gametophyte. When 
there are eight sporogenous cells in the sporangium there 
is an incomplete nuclear and cell division (Fig. 125, B), 
each nucleus coming to have the diploid number of chromo- 
somes. These eight diploid cells function as sporocytes 
and produce 32 haploid spores. Steil at first (1915) 
adopted Alienas interpretation (le) for his material, but 
later decided that the phenomenon observed was one of in- 
complete division, and not one of fusion. In this case, 
as in Aspidium falcatum, apogamy is offset not by apospory 
but by an abnormal course of events in the sporangium. 
In Aspidium falcatum the sporophyte arises as in the 
examples mentioned in this paragraph, but because of 
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till' |)n‘S('nc<‘ of ;i ('(‘11 and nuclear fusion il is classified under 

(6) The gainctopliyl(‘ is dij)luid (see und(‘r Ajxfspori/): 

(«) The sporophyte is developed from the diploid oosplua-c': 
observed in some Pteridophyta, viz. certain ferns (Faianei’ 
1907), Athyrium Filix-fwtninaj var. clarissinia, Scolopend- 
rium vulgare, var. crUpum-DrunwioridWy and Mars ilia 
(Strasl)iirger 1907); also in some Phanerogams, viz., 
Compositic {Taraxacum, Murbeck \ A ntennariaalpina, 
Juel 1898, 1900; sp. of H ieracium, Rosenberg 1900): 
Rosaceai (Eu-Alchcmilla sp., Murbeck 1901, 1904, Stras- 
burger 1905 [Fig. 125, TJ): Ranunculacc'aB {Thalictrum 
purpurascens, Overton 1902). [Also in the lily, Atamosco 
(Pace 1913), and Burmannia (Frnst 1909). B(‘sid('s this 
form of apogamy (“ooapogamy” or ‘^generative apo- 
gamy’’) Antcntiaria rmiy also develop embryos from 
diploid synergids (“vegetative apogamy’’) and from cells 
of the nucellus (“sporophyti(^ buddirg”). A similar 
variety of embryo origins is found in c(M'(ain otlun* angio- 
sperrns. In many cases th(‘ chromosoiiK^ number in 
apogamous species is about twice as large as that of near ly 
related forms reproducing sexually (Rosenberg 1909).] 

{^) The sporophyte is developed vegetatively from the garnet o- 
phyte: observed (Fanner [and Digby] 1907) in th(‘ fern 
Athyrium Filix-fwmina, var. clarissima. 

In all cases enumerated under Eu-apogamy, apogamy is 
associated with some form of apospory except N ephrodium 
moUe, full (k'tails of which have not yet been pul)lish(‘d. 
[It is possible that a Ixdiavior like that in Aspidium 
falcatum (Ic) or in N ephrodium hirtipes (2aP) may occur 
in Nephrodium molle.] Many other ferns arc known to b(‘ 
apogamous, but they are not included here because the 
details of their nuclear structure have not been investigated. 

Apospory. — The known modes of apospory may be arranged as 
follows: 

1 . Pseudapospory: a spore is formed hut without nmosis, so that it ts diploid 
—observed only in hetcrosporous plants, viz. certain specie's 
of Marsilia {e.g. Marsilia Drurnmondii) where the megaspore has a 
diploid nucleus (32 chromosomes) and the resulting prothallium and 
female organs are also diploid (Strasburger 1907); and in various 
Phanerogams, some Composite {Taraxacum and Antennaria alpina, 
Juel 1898, 1900, 1904), some Rosaceae {Eu-Alchemilla, Strasburger 
1905), and occasionally in Thalictrum purpurascens (Overton 1902), 
where the megaspore ([and] embryo-sac) is diploid; in some species 
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<)f ! ieracium U 1ms l.m-n fomi.I ( I{„s(.nlHM-g l!)()(i) ihal, a(lv(>ii(i( i„us 
»li|>loid oml)ryo-s,ics arc (l(‘vcloi)o,l in (he miccllus; these iilants 

ns07t * whi,.h Shaw 

(1897) and Nathansohn (1909) ha.l shown to he apofran.ons Sti-m 

some of the mcKasporoeytes, frivinR spores with l(i chromosomes 
other megasporoeytes undergo two divisions neither of which is 
leductional: flic first division is honimo(ypic in character and the 
M.'ond IS an additional vegetative mitosis without a, lioniologiie 




iiposix.i-ously 

tiouur.) B, K!iM,otot)hvfp wJtl . i < f^rrunum; sp, sponuiKm. X 70. ( -iffrr 

X 10. iA/t.rZnr:^' au-ho«t,n.a ansn.g from t.ip of pinnule inPolysti^!!;:, 


Bon 
X 10. 


J.-«pos;mry: .pore is forrned~oi this there are two varieties- 

irerthe' 'r which form no' 

1 ^ hpoiophyte of the Fiicaco® Imars no spores con- 

«<-xuaI organs. 

The Conjugate Green Alg* also have no spores, meiosis 
aking jdace m the germinating ;!ygospore which develops 
directly into the .sexual plant. ' 
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ih) Without iiKMosis: llu^ <!;Min(‘l()|)hyl{‘ is (h'vc'lojx'd upon tlu' spoi’o- 
phyt(' l)y budding-; that is, sj)<)r(*-r('produ(‘t ion is r(‘pla(*(Ml by a 
vog(‘tativ(‘ |)r()c(\ss: foi- instance, in niossos it has Ixaui found 
possibh' to indu(*(* th(‘ dovt‘lo|)nu‘nt of jmjtonoina, th(‘ first stage 
ol th(‘ gained ophyte, from tissue eells of the sjiorogonium : 
[In tliis way Td. iind 15m. Marehal (1009, 1912) wcuh* al)l(‘ to 
})roduee in Mnmtn, Bnnini, I^hascutti, and A fnhhjstviiiuin 
dif)loid gaimdophytes; these* in turn pre)elue*eel tetrapleiiel 
sporo|)hyte*s whie'h lieire* eliple)id speiivs. In e)ne* e*ase‘ (Anihli/- 
stcgnim) a tetraple)iel gaine'tophyte* was re*gene'rateel from 
e*ells e)f the t ed ra|)le)iel spe)i()phyte*.] Similarly, in ea'idain ferns 
(varie‘tie‘s of Aihijrium Filix-fctmina, Scolopcndriuni vulgare, 
Lasfnra pseudo-ftuts, Pol usti chum atujularc, anel in the spe‘eie‘s 
J*fcri,s (upuUna anel Asplcui urn dimorplnim), the ganu'tophyte 
(pre)thallium) is eleve‘le>pe*el by bueleling e)f tlie* le'af e)f the speiro- 
I)hyte [e-e)mme)nly from the* margin e)f the le*af or fi’om the tissue 
e)f the sorus (I'dg. 12(>)1, anel in seime* e)f the'se* eases it has been 
ase*ertaine‘el that the* game‘te)phyte* se) ele*ve*le)pe*d has the same) 
numlier (2x) e)f ehre)me)se)mes in its nuedei as the* spe)re)phyte) 
that bears it — that is, it is elipleiiel. 

Aj)ospory lias be*e*n feiunel to be asseie'iated freepiently with 
apoganiy [in the* life* eyele*|; in fae*t, in the alisenea* of meiosis, 
this asseieiation weiulel ap[)ear tei be ine*vitable*.” 

PARTHENOGENESIS IN ANIMALS* 

The natural development e>f an e'gg without having be*e*n fe*rtilize*el by 
a male gamete is a pheneimenem which is apparently eif mucli more 
free|ue*nt e)ecurre*ne*e* in animals than in plants. The best known examples 
arc* femnd among the* rotifers, crustae*e*ans, anel insects, partheneigenesis 
being tlie regular meiele* eif repreielue't ion in seime* spe'cies. Other modes 
also usually occur in such organisms uneler e*e*rtain conelitions ejr after a 
e*ertain numlier eif ge*ne*ratie)ns. Parthenoge'iu'sis is re*pe)rteei in se)mo 
preiteizoa {Plasmodium vivax, Sediaudinn 1902), whe*re* the macrogamete, 
after e*ertain nuclear changes, continues the life cye*le) without fusing 
with a microgamete*. Moreover, as has alre*aely been desciibed in the 
preceeling chapter, parthenogenesis may be artificially ineluceel in the 
eggs of other animal greiups, notably echinoderms, mollusks, anel amphi- 
bians, and arounel this fae*t centers much of the significant work of modern 
experimental biejlogy. In commenting upon parthenogenetic develop- 
ment Minchin (1912, p. 137) points o\it that “ . . . the gamete which has 
this power is always the female ; but this limitation receives an explanation 
from the extreme reduction of the body of the male gamete and its 

* The cytologieal results of researches on maturation and development in cases of 
parthenogenesis have recently been summarized by Paida H(!rtwig (1920). 
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roeble lr()[)lii(* powoi.s, l•(‘n(l('l■illg ii qiiito unfitl(Ml for n'pro- 

(hiciioii, rathor tliaii from any inluMcnt <lirfci(’nc(‘ l)('t\v(’rn the' Iwo 
sexes in relation to reproductive activity.’’ 

Many normally parthenogcmetic animal eggs are known to have the 
diploid chromosome number as the result of a failure of reduction, a 
condition paralleling that known as ooapogamy in plants. On the 
contrary, there are some which, unlike any known vascular plant, are 
haploid, reduction having taken place in the normal fashion. Partheno- 
genesis is oft(‘n associated with certain irregularities in the behavior 
of the [)olar bodies, as will be noted in the following descriptions of some 
well known (‘xamples. In the majority of recorded cases the partheno- 
genetic egg produces but oik^ polar body; in some, however, two are 
formed as in all zygogenetic eggs (those developing after having been 
fertilized). 

It was long ago noticed by Blochmann (1888; see Wilson 1900, pp. 
281-4) that in Aphis both zygogenetic and parthenogeiietic eggs arc 
produced; the former produce the usual two polar bodies while the 
latter have but one. It was also seen that the j)olar bodies are not 
l)udded off as s(q)arate cells, but rcunain within the membrane of the 
(‘gg. Weisrnann (188(3, 1887), working on rotifers, concluded that the 
se(;ond polar body has something to do with parthenogenetic develop- 
ment; and Hoveri (1887d, 1890), who had seen the chromosomes of the 
second polar body transform themselves into a nucleus in the egg of 
A scans j made th(^ suggestion that this second polar body might unite 
with the egg nucleus and so initiate development. Braucr (1894) an- 
nounced that this is precisely what occurs in Arteynia, a phyllopod 
crustacean. In this organism two types of parthenogenesis are found. 
In some (*ases the nucleus of the second polar body, with 84 chromosomes, 
actually does unite with the egg nucleus, likewivSe with 84, causing 
“fertilization” and the resulting development of an individiial with the 
diploid number (168) of chromosomes. In other cases only one polar 
body is produced, but reduction is accomplished in the division forming 
it, and the resulting haploid egg develops parthenogenetically into an 
individual with only 84 chromosomes. 

In Phylloxera carymcaulis (Morgan 1996, 1908, 1909, 1910, 1915) 
oidy one polar body appears, but here no reduction occurs; the diploid 
(‘gg develops parthenogenetically. In Nematus lacteus (Doncaster 1906) 
two polar bodies are produced, but reduction fails and the diploid egg 
proceeds to develop as in Phylloxera, 

It has long been known that the eggs of the honey bee, Apis rnellifica, 
will develop either zygogenetically into females or parthenogenetically 
into males. It has been shown in both cases that there are two polar 
bodies (Blochmann) and that a normal reduction in the number of 
chromosonu's 0 (!curs (Nachtsheim 1912, 1913). The fertilized eggs 
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develop into workers or into (piccns with the diploid nuinher (32) of 
chromosomes; those not fertilized develop into drones with the haploid 
number (16). (At the time of spcirmatogenesis in the drone no furthei- 
reduction in chromosome number occurs: the spermatozoa retain th(^ 
number present in the body cells (16).) 

In the gall-fly, Neuroterm leniicularis, Doncaster (1910-1911) has 
shown that there are two classes of parthenogenetic females. The egg of 
the first class gives off no polar bodies, retains the diploid number (20) 
of chromosomes, and develops parthenogenctically into a sexual female*. 
The egg of the second class gives off two polar bodies, retains the reducc'd 
number (10) of chromosomes, and develops parthenogenctically into 
a male. (The offspring of the sexual females and males constitute the 
next generation of parthenogenetic hmiales.) 

There are thus several organisms in which both zygogenetic and 
parthenogenetic eggs are produced. In some of them, such as the bee, 
in which the same egg can develop in either way, the two classes of eggs 
show no morphological differences. In other forms, such as a speci(\s of 
Melanoxanthiis (a plant louse) and Sida crystallina (crustacean), they 
may differ considerably. The parthenogenetic egg, for example, may 
contain much less yolk than the zygogenetic one: it is less highly differen- 
tiated, and still retains the capacity to initiate dedifferentiation and 
reconstitution independently of union with a male gamete. In this 
respect it resembles the less highly specialized c('lls of other tissue's 
rather than the gametes” (Child 1915, p. 408). 

It has recently been shown that frogs which have been induced to 
develop parthenogenctically from punctured eggs (Batailloids method) are 
of both sexes (Loeb 1921). The chromosome number in the females has 
not been determined, but both Parmenter (1920) and Goldschmidt (1920) 
report the diploid number in males so derived. The origin of this diploid 
condition has not been satisfactorily explained. Parmenter suggests 
that it may be due to the retention of one polar body, or to a premature 
division of the chromosomes without cytokinesis just before the first 
cleavage. This promises to be an interesting case in connection with 
the mechanism of sex-determination. 

Conclusion . — To review the various theories which have been advaiun'd 
to account for the origin of parthenogenesis, its relation to other forms of 
reproduction, and its significance in the life history, is a task which lies Ix'- 
yond the scope of the present work : it has been our purpose only to indicate* 
some of the Outstanding cytological facts in certain conspicuous instances 
of the phenomenon. The cytological features have been accurately 
ascertained in only a very few cases, and these show little agree'inent. 
Furthermore, it is in artificially induceel rather than in natural i)artheno- 
genesis that the physiological conditions are best known. In view of 
these facts it appears more than probable that many more cytological 
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and physico-cluniiical data niiisi ho soourod hoforo any thoory ad- 
c(|uatcly harmonizing all t h(^ obsorvcd phenomena of parthenogenesis can 
be formulated. 
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CHAPTER XIV 


THE ROLE OF THE CELL ORGANS IN HEREDITY 

The chief interest of cytology at the present time probably lies in thi' 
relation which it bears to the subject of heredity. From the time when 
the problems of cell research first began to take definite shape, especially 
since a connection between the activities of the cell and the phenomena 
of inheritance was suggested, the efforts of most cytologists have con- 
tributed directly or indirectly to the solution of two great and closely 
interrelated problems of biology: the problem of ontogenetic develop- 
ment and the problem of heredity. The aid which cytology has afforded 
in these respects has been invaluable. Not only has it been able to 
discover a large number of the significant facts of individual development, 
or ontogeny, but it has also thrown a flood of light upon many obscure 
matters in the field of heredity, and has so come to be an important factor 
in the study of phylogeny and evolution. 

The Law of Genetic Continuity.-— ''The most fundamental contribu- 
tion of cell-research to the theory of heredity, ’’ says Wilson (1909), "is 
the law of genetic continuity by cell-division. Cells arise only by the 
division of preexisting cells ... In each generation the germinal stuff 
runs through the same series of transformations; hence that reappearance 
of the same traits in successive generations that we call heredity.’^ 

It is by the light of the above law that we are enabled to sec some- 
thing of the nature of the material continuity which exists between suc- 
cessive stages of the ontogenetic development, and also between success- 
ive generations. It is to be remembered, in the first place, that all the 
cells of the adult multicellular organism are derived by repeated division 
from the single cell (ordinarily a zygote or a spore) with which develop- 
ment starts, so that the causes of events occurring at any particular stage 
are to be sought largely in the reactions of cells at earlier stages; and, in 
the second place, that the material link connecting two successive gen- 
erations is a single organized cell, usually a gamete or a spore, which 
means that the heritage of a long ancestry is in some way represented in 
this single cell and its capabilities. "The conception that there is an 
unbroken continuity of germinal substance between all living organisms, 
and that the egg and the sperm are endowed with an inherited organiza- 
tion of great complexity, has become the basis for all current theories of 
heredity and development'' (Locy, 1915, p. 224). 
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studios liiivo tliorofon^ (•('iiIcu’chI luainly about tlu' goiuu’al 
organization of tho ogg (ohiofly that of animals) as ndatcal to the charaotor 
of tho organism arising fi-om it (tho prohlom of (h'vc'lopnKuit), and about 
tho rolos playod by tho various coll organs of tlu' gaiiudc' in tho transmis- 
sion of horital)lo oharaotoi'isties from ono gonoration to tlu' noxt (tho 
prol)loni of horodity). Tho ohn,raot(n- of th(' prinoipal modoi’n thooiy of 
h('r(Mlity to whioli tli('S(‘ studios havo l(‘d is du(‘ in no small moasuro to tho 
influonoo of a numlx'i- of (‘arlior hypothos(‘s, such as thoso of Darwin and 
d(*Vri(\s, and (‘spc'oially that of Wcdsmann. Th(‘S(' hypothosos will Ix^ 
i’('vi(nvod in ( 'haptor XVIII, wh(M*(' thoir rolation to tlu' nuxh'rn cytolog- 
ical intorpr(dation of honxlity, sot forth in this and tho following thrix' 
(‘haptors, will bo discussod. 

It is obvious that an account of tlu' physical basis of hc'rcxlity would 
i‘(H|uir(' for com|)l('t('n('ss not only a d(‘scription of tlu' struct lU’al chang(‘S 
by wliicli visi])l(‘ matcuials an' traiismittc'd and disti‘ibut('d during ganu'- 
togonosis, fertilization, and d(‘V(‘lopm(‘nt ; but also a n'vie'w of many phy- 
siologi(‘al piocossos which accompany tlu'so change's, aiiel through whie*h 
many e*hai’a,e*te'i‘s aro bre)ught to e'xprossie)n. In thoso chaptors attontion 
will bo limite'el large'ly to tho structural aspocts of tho problem. 
Ame)ng the' physie)logical change's the)se' e)e*e*urring at the' time' e)f fe'rtiliza- 
tion are' l)e'st kne)wn, anel havo alroaely boe'ii eliscussed in Chaptoi* XII. 

The R6le of the Nucleus. — It was Ernst Haocke'l (bSGG) who first 
aelvancoel tho hypothesis that ^Mho nue*le'us e)f the' ex'll is the' princi|)al 
e)rgan of inhe'iitance'.’^ Cyte)le)gie*al e'viele'iie'o in su]:)port e)f this vie'w, 
announcoel l)y lIaoe*kol as a speculation, was brought foivvarel by O. 
He'rtwig (1875 etc.), Strasburgor (1878, 1884), van Be'node'ii (1883 etc.), 
anel a nund)e'r e)f e)thor inve'st igate)rs, whe) de'se'riboel the' be'havie)r e)f the^ 
mu'lous in the* various stages of tho life e'yelo, partienilarly in se)matic 
e*e'll-elivisie)n, matiiratie)n, anel fortilizatiejn. Twe) of thoso woi*kors, (). 
He'rtwig anel Strasburgor, who had eliscovore'el tho fusion of the gamete 
nue*le'i at the* time of fe'rtilization in animals anel plants respee*tively, 
elofinitely announceel tho the'ory, ne)w supporte'd by a ce^nsielerable body 
of observatie)nal and experiment al e'vielonco, that the nucleus is the 
‘‘vehiede of heieelity.’’ Tlu'y held that hereditary transmission is 
through the nucle'i of the ganie'tes, anel that the' chromatin is the special 
inheritance material, (u* “ idiojdasm,” abejut which there hael be^en so 
much speculation. This view was at once wielely adopteel by biologists. 

The efforts e)f many cyte)le)gists were now elirecteel toward the further 
olucielation anel verification of this nuclear hypothesis of heredity, and 
many observations anel experiments apparently demonstrated its essen- 
tial correct ne'ss. It was ne)toel that, so far as coulel bo eliscerned, the 
spermate>ze>on in many cases brings nothing but nue*le'ar material inte) 
the egg, se) that horoelitary transmission from the male parent must be 
through the nue*leus ale)ne. A similar condition was later reported in 
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plant.8, Guig.uinl, Nawasd.in (lOlO). and Wolsfoid (l!)|d) pointing ont 
la, in i nun only the inah' nucIcMis outers tlio its aoooinpanyin|»; 
cytoplasm txang nihbcd ofT and left behind. (See p. 2!)0.) ('('ilain 
ingenious expeiiinent.s of Hoveri (ISSt), 1895; also 1909 and l!)bS) l(«d 
to tic same conclusion regarding the nueleus. Hoveri induced the fer- 
tilization of enueleated fragments of Spharcchinus (>ggs (a phenomenon 



Tk;. 127. 

S. <ir<t„ula,u uii.loiKoiMK ii.diifc.l cliMv.m,. ,„it„sis. 

iL I will l,,,v,. a purely .„,,l,.r„„l „i„-l,.,.s 

.111(1 the otlioi a liyhnd imcicus. ( Diaf/nurnncft <i/f( r //erhsf, IdOO.) ’ 



Fig. 127 JJiaKiam ahowiiiK ttio irreKul.-.r (li.stril.ution of tlie .hroinosoinos l,v ii 

quadripolar iiiif(jtic liKuro. {After Hoveri.) 

known as rnerogony) by spermatozoa of EcMnus, and obtained larvic 
which were purely paternal in character, k’nim this it was argued that 
It is the sperm nucleus alone, and not the egg cytoplasm, that transmits 
the hereditary charactius from one generation to the next in this case. 
Other experiments of a similar nature, however, turned out diflfcrently, 
as will pre.sen(Jy be noted. Certain echinoderm hybriils, furthermore,' 
show paternal larval characters even when the egg nucleus has not been 
removed. 
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A strong piec(' of evidence supporting Boveri's conclusion was fur- 
nished by Herl)st (1909). By treating eggs of Sphcerechinus with valeri- 
anic acid Ilerbst caused them to undergo cleavage artificially. While 
the cleavages mitosis was in progress a spermatozoon of Strongylocentrotus 
was allowed to enter th(> egg, where it at once gave rise to its group of 
chromosomes (Fig. 127). These, however, arriving too late to join 
regularly in the mitosis, were incorporated in neither of the daughter 
nuclei of the first cleavage: they resumed the form of a nucleus, and this 
was included' in one of the blastomeres. This blastomere therefore 
contained two nu(d(n, one maternal and one paternal, which combiiKHl 
during subsequent stages, whereas the othei* blastomere had a maternal 
nuchms only. Herbst regarded such nuclear behavior as responsible for 
the frequently found larvae which are hyl)rid in character on one side 
and [)urely maternal on the other. This experiment has been held to 
show not only that it is the nucleus of the spermatozoon which brings in 
th(' paternal characters, but also that it is the chromosomes alone that ar(^ 
responsible. It is assumed, though perhaps without sufficient evidence*, 
that the other nuclear materials (karyolymph etc.) which may be present, 
as well as any cytoplasmic elements, have opportunity to mix generally 
with the egg cytoplasm, since the membrane of the male nucleus breaks 
down and leaves the chromosomes lying free before the egg divides into 
th(^ two blast()m(*r(*s. The paternal characters, however, appear only 
where the chromosomes come to be located — that is, in the cells compos- 
ing one-half of the organism. In his work on multipolar mitoses in di- 
spermic eggs (Fig. 127 his; see also p. 163) Boveri (1902, 1907) was able 
to show further that abnormal chromosome distribution is associated 
with abnormalities in development in a very definite way; and that if 
isolated blastomeres lesulting from such abnormal divisions be made to 
develop independently, completely normal larva) result only where then* 
is statistical reason to believe that a full complement of the cpialitatively 
different chromosomes is present. 

The nuclear theory had its opponents from the beginning. Verworn, 
Waldeyer, Rauber, and other early investigators held that the cytoplasm 
as well as the nucleus must be concerned in the hereditary process, since 
the spermatozoon in many cases does bring cytoplasm into the egg, and 
also because neither nucleus nor cytoplasm can function independently 
of the other. This view received support in certain experiments which 
seemed to discount the power of the nucleus in controlling heredity. 
Loeb (1903) found that when a sea urchin egg was fertilized by a starfish 
sperm the resulting larva possessed purely maternal characters, the 
sperm nucleus (*xerting no visible hereditary effect. The same thing was 
noted by Godlewski (1906) in crosses between sea urchins and crinoids. 
Godlewski made the further significant observation that when enucleated 
egg fragments of Parechinus (sea urchin) were fertilized by sperm of 
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Antedon (crinoid) Ihc' larva' .so producod, conlrary to l^ovc'ri’s rosulls, 
were maternal in eharaeix'r: they were like the motlu'i*, which had pn^- 
sumably contributed cytoplasm only, and not like* the fathc'r, which had 
furnished the nucleus. Fertilization by a spermatozoon had here pro- 
duced a developmental stimulus but no amphimixis (the combining of 
hereditary lines), so far as could be judged from the appearance of the 
larvae. Even if the male cytoplasm were admitted to have no In'iedi- 
tary role, it nevertheless seemed that the cytoplasm of the egg was clearly 
so concerned. 

In his work on sea urchin hybrids Haltzc'i* (1910) was able to show 
why it is that some such larvae are maternal in character while others 
have the characters of both parents. When an oi Strong ylocemtrotus 
fertilized by a sperniatozo()n of Spha'rechinus undergoes its first cleavage 
division the paternal chromosoiiK's behave irregularly; they fail to become 
incorporated in tlie daughter nuclei and an* lost. Those individuals 
which develop far enough show maternal skeletal characters. In the* 
reciprocal cross, on the contrary, all of the chromosomes behave normally 
and the resulting larvaj are truly hybrid in character. Thus in the first 
cross, in which the paternal chromosomes are lost, the spermatozoon 
furnishes only a developmental stimulus and has no appreciable effect 
on the character of the new individual; whereas in the second cross, in 
which the paternal chromosomes are included in the blastomere nuclei, 
the spermatozoon not only furnishes the developmental stimulus but 
also contributes paternal characters to the new individual. This is 
particularly convincing evidence in favor of the view that the chromo- 
somes are in some way res{)onsible for the development of parental 
characters in th(^ offspring. 

In a posthumous paper Boveri (1918) r(*port(Hl an additional observa- 
tion which, he believed, goes far toward explaining the conflicting results 
of different investigators. He found that egg fragments, and even whole 
eggs, may often have chromatin in a form that easily escapes observation, 
but which can exert its usual influence on development. In accordance 
with his earlier observations, enucleate egg fragments of Sphcerechinus 
fertilized by spermatozoa of Strongylocentrotus may develop into purely 
paternal larvae. Most of them, however, are intermediate in charac- 
ter, resembling the maternal parent also in certain features. Having 
previously (1895, 1905) demonstrated that the size of the nuclei in 
merogonic larvae is proportional to the number of chromosomes they 
contain (see Chapter IV), Boveri was able to show that the nuclei of the 
intermediate larvae are diploid rather than haploid, so that it is clear that 
the supposedly enucleate fragments in such cases must have contained 
chromosomes. It is probable, Boveri believed, that the maternanarva^ 
obtained by Godlewski may be accounted for in a similar fashion. 

It was pointed out by Strasburger (1908), who had come to believe in 
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the eoni|)l(‘ie monopoly of th(' mielous in the tniTisniission of hereditary 
characteristics, that the inatc'rnal (diaracder of ( lodlewski’s larvie could 
be explained on tlie assumption that the early developmental stages do 
not require the expression of the hereditary capal)ilities of the nucleus, 
hut are dependent mon^ directly upon mechanical causes. Boveri (1903, 
1914), as a result of his hybridization experiments, strongly emphasized 
the view that the spermatozoon has an influence upon all of the larval char- 
acters; but he pointed out that the larval stages by themselves are not 
sufficient grounds uf)on which to ('st<d)lish complete conclusions regarding 
the respective roles of nucleus and cytoplasm, since the general course 
of the early devcdopmental stag(\s in such organisms is immediately 
dependent to a very large extent upon the geiK'ral organization of the egg. 

This brings us to a brief consideration of th(' promorphology of 
the highly organizc'd animal egg, and of tlu' ndation which exists between 
this organization and tlu^ charactcu* of the organism developing from it. 
Of the larg(' amount of work done in this field only a hint can be given 
here. 

The Promorphology of the Ovum. — There arose very early two views 
regarding the organizfition of the egg which recaill the older th(M)ries of 
preformation and epig(mesis (Cdiapter I). According to one, most fully 
expressed in W. Ilis’s Theory of Germinal [localization (1874; sec Wilson 
1900, p. 397), the embryo is prelocalized in the gcuieral cytoplasm of the 
not preformed in the old sense' of Bonnet, but having its various 
parts represented by substances with definite relative positions. This 
view found support in those cases in which a single isolated blastomere of 
the two-celled stage develops into a half-larva instead of a complete 
smaller larva (Roux on the Irog, 1888; Champion on the marine gastropod, 
flijanass(if 1890); and es|)ecially in Beroev a ctenophore, which produces an 
incomplete larva even if a portion of the unsegmented egg be remov(‘d 
(Driesch and Morgan, 1895). 

Opposed to the above vi('w was that which held the egg to be isotropic 
and without any predetermination of embryonic parts. Certain well 
known ('xperiments appeared to bear out this conclusion. It was found 
in the frog (Pfliiger 1884; Roux 1885), the sea urchin (Driesch 1892), an 
annelid (Wilson 1892), and A. scan.s (Boveri 1910) that very abnormal types 
of (;l('avage can be artificially induced, but that normal larvic nevertheless 
result . A number of cases were also described in which complete embryos 
aros(' from singk' isolatc'd blastomeres of the two-celled stage {Funduhis^ 
Morgan 1895; and other forms), or even from those of the sixteen-celled 
stage {Clytia, Zoja 1895). Had there been any prclocalization of parts 
in the egg it is difficult to see how normal or complete embryos could 
have arisen in such abnormal ways as these. 

It appears that the eggs of different animal species vary greatly 
in the degree and fixity of their internal differentiation. In some cases 
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(he egg is viituall}" isotiopie, and (lirougli s('vei‘al succeiHling cell g('ne- 
rations the blastoinen's are eiiuipotxnit ial, that is, (apially capable of 
developing into any part of the body or exam iido the wliol(‘‘of it. Tluis 
tlie embryonic parts, and lumce many of tlu' individuabs cliaracters, are 
not definitely mai'kcal out until a comparatively late stage. On tlu' 
contrary, there are iorms in which tli(‘ axis of polarity and ccu tain funda- 
mental embryonic paits are roughly delimi((‘d in th(' egg (‘yt()i)lasm in 
such a way that an alt(U'ation in th(‘ ladative positions of the c'gg materials 
brings about a corn^spondiiig altiaation in tlu' character of th(‘ r(‘sulting 
individual. As an ijlust ration of such internal didVrentiat ion may 1 )(‘ 
taken th(‘ cas(‘ of Stt/rla, an ascidiau, d(‘sciib('d by ('onklin ( 1015 ). In 
the ('gg of Stjjeld lh(u*e ar(‘ lour or fiv(‘ <listinct kinds of plasma, airangial 
in a definite' onh'r and (list ribulc'd in a regular manne'r as cleavage* jiro- 
(*('eds, (‘ach kind e'venlually giving rise* io a e*(‘r(ain jiortiein of the* e'lnbryo. 



tKi. l^S. of various aim.ials, sliowiiur tliv paetarns assumed hv lht‘ material^ 

which «ive rise to fhe various body ivfrions. In lh<‘ first thre(‘ the h,,s uiide'rt/one 
division, and tlie plasmas becoming eetodmin, mesodorm. and (uidodm-m art> n‘pres(uited 
in clear udiite, eross-lia tehum. and parallel ruling respectively. In the fourth viiu two 
divisions have oeeinaaal. and several <lefinitely arraimmd substai.ees are distinguishable 
{Aftvr ( oukh n , nUo.) 


Sul).slancr‘s whicli aro yellow, frray, sl:i(e-l>liie, and colorless }rive rise 
r('S|)ee( i vely to iiuiseic' and mi'soderin, nervous system and notoeoi’d 
ondoderm, and eetodei ni. “Tims within a lew minutes after the fertiliza- 
rion of the csr, and before or immediately after the first cleavage, the 
anterior and posterior, doisjd and ventral, right and left poll's arii clearly 
distinguishable, and the substances which will give rise to ectoderm 
endoderm, mesoderm, muscles, nolocord and nervous sysb'iu are plaiidy 
visibh' in their characteristic positions” (('onklin 191.'), p. Ips) Jf 
such eggs are placed in a ceidrifuge the various substances may be 
made to a.ssume an ('iit irely abnorm.al stratific'd arrai gement, which 
in turn “may lead to a marked <lislocation of organs; the animal 'may be 
turned inside out, having the endod<‘rm on tlu' outside and its skin and 
ectoderm on the inside, etc.” (p. d21). Such a behavior emi)hasizes 
the determinative chaiacter of the cytoi)lasmic pattern ch'arly present 
in many eggs. It has further been noted that the ( ggs of various animal 
phyla are charactei ized by distinct patterns in the arrangmeent of their 
visibly different materials (Fig. 128). “The polarity, .symmetry and 
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piitterii of a j(illyfish, starfisli, worm, molliisk, ins(‘(;i or V('rtt‘l)ra((' arc' 
foreshadowed by the characteristics polarity, syminc't ry and pattc'rn of the 
cytoplasm of the egg either Ix'fore or immediately after fertilization^^ 
(Conklin, p. 172-5). That the arrangement of the embryonic parts is 
not solely dependent upon such visible egg substances is shown by the 
observations of Morgan (1909c, 1910c) and Boveri (19106) on centrifuged 
eggs of Arhacnij A^cariSj the frog, and other forms. Here it is found 
that the displacement of the various substances does not necessarily 
(sause a dislocation of the body parts of the embryo: henc;e the setting 
apart of the embryonic regions must be dependent upon a polarity in the' 
c'gg which at least in many eases is not disturbed by the experimental 
alteration in position of the visible egg substances. But in either case 
differentiation appears to be related to a cytoplasmic organization. 

From this it would appear that the characters which such an organism 
inherits from the preceding generation do not belong to one category and 
are not transmitted in the same way. There arc first those general 
characteristics of organization which arc the direct outgrowth of a corre- 
sponding organization in the egg cytoplasm. Secondly, there are the 
Mendelian characters which appear later in the ontogeny and which there 
is every reason to believe are represented in some way in the chromosomes 
of the gamete nuclei (Chapter XV). Boveri thus distinguished two 
periods after fertilization: an early one in which the course of develop- 
ment is dependent on the organization of the egg cytoplasm, only general 
metabolic functions of the chromosomes being active; and a later one in 
which the specific hereditary powers of the chromosomes are brought to 
expression, the right chromosomal combination then proving to be 
necessary for normal development. 

The question naturally arises as to how much the cytoplasmic organ- 
ization may be due in turn to the activity of the nucleus during the 
differentiation of the egg — as to whether the general characters which are 
the direct outgrowth of this organization may or may not be ultimately 
dependent, as are the clearly Mendelian characters, on nuclear factors. 
Conklin (1915) comments upon this point as follows: 'An this differentia- 
tion and localization of the egg cytoplasm it is probable that certain 
influences have come from the nucleus of the egg, and perhaps from the 
egg chromosomes. There is no doubt that most of the differentiations of 
the egg cytoplasm have arisen during the ovarian history of the egg, and 
as a result of the interaction of nucleus and cytoplasm; but the fact 
remains that at the time of fertilization the hereditary potencies of the 
two germ cells are not equal, all the early stages of development, includ- 
ing the polarity, symmetry, type of cleavage, and the pattern, or relative 
positions and proportions of future organs, being foreshadowed in the 
cytoplasm of the egg cell, while only the differentiations of later develop- 
ment are influenced by the sperm. In short the egg cytoplasm fixes the 
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ty|)(‘ of d('V('l()i)inoiit. uiul \hr s|)(‘rin and sui)i)lv only 

the details’^ (l). 17()). 

Plastid Inheritance.— C^'rtain cases of “jdastid inheiitance’’ have 
been brought forward to show that the character of an organisin may not 
be entirely due to factors delivered to it by the gaimdn or spore nuclei. 
It has been pointed out that two successive generations of cells r('|)ro- 
ducing by division resemble each other for the obvious reason that tin* 
organs of any given cell may actually become the corresponding organs of 
the daughter cells. Thus in the case of a uniccdlular green alga tlu' 
daughter individuals are like the mother individual in being green because^ 
the chloroplast of the mother cell is divided and i)assed on dinadly to 
them. In those algso in which a swarm sport' geiininates to product' a 
multicellular individual (Ulothrix etc.), or asst)ciates with t)thei\s of its 
kind to form a colony (Ilydrodiciyon, HediaMnim; Harper lt)()8, 1918n/>), 
the t;olor t)f the successive colt)nit's or multict'llular intli vitluals is a charac- 
tt'r that is transmitted directly by the rt'iK'ated division of chlt)rt)plasts. 
Thus, as Harper urges, the nucleus is not rt'quiretl hei e to account for the 
resemblance between successive generations of cells or intli vitluals, so far 
as this character is concernetl. 

A similar interpretation has been placed by some geneticists upon the 
inheritance of ‘‘chlorophyll characters'^ in the higher plants, the siq)pt)si- 
tion being that plastids, multiplying only by division, are responsildt? 
for the distribution, in the individual plant and through successivt^ 
generations, of those characters which manifest tbemselvt's in thest^ 
organs. Abnormalities in chloro|)hyll (‘oloring are accordingly held to lx* 
duo to an abnormal condition or behavior of the chloroplasts. 

Such a case is that of Mirabili.s jalapa albomaculata, (h'seribed by 
Correns (1909). In plants of this race there arc* some branclu's with 
normal green leaves, some with white leaves, and some with “checkered" 
(green and white) leaves. Flowt'is an* borne on branches of all thr('(^ 
types. In all cases cross('s between unlikes result in seedlings with the 
color of the maternal parent: inheritance is strictly maternal. For 
instance, if a flower on a green branch is pollinated with pollen from a 
flower on a white branch the offsf)ring an* all green. In the reciprocal 
cross the offspring are all white, and soon die because of the lack of 
chlorophyll. In neither case does the pollen affecjt the color of the 
resulting individual. The explanation offered by Correns for the color- 
less condition is that it is due to a cytoplasmic disease which destroys 
the chloroplasts. It is therefore delivered directly to the next generation 
in the egg cytoplasm, and is not transmitted by the male parent because 
no male cytoplasm is brought into the egg at fertilization. If it had Ix'C'ii 
due to nuclear factors it would have been transmitted by both par('nts, 
since the nuclear contributions of the two are equal. This condition is 
analogous to that occasionally found in animals, in which bacteria may 
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be ctirriod from ono j>;on(Mat ion to the noxt in the egg cytoplasm, causing 
a direct inheritance' of the? disease'. But such |)athological cases are not 
to be ce)nfuscel with, or thought tej ce)ntraelict, ne)rmal Memdelian heredity, 
which, as will be seen in the fe>lle)wing chapter, is closely bound up with 
nuclear phenome^na. They are' rather to be re'gardeel as examples of 
repeated reinfection. 

Results differing from those of Correns were obtained by Baur (1909) 
in his researches on Pelargonium zoriale alhomarginaia. This form, which 
is characterized by white-margined leaves, often has pure green and pure 
white branches, as in M irahilis. (h'osses either way between flowers on 
these two kinds of branches result in every case in mosaic (green and 
white) offspring: inheritance is here not purely maternal as in M irahilis. 
Although Baur admits for this case the |)ossibility of a Mendelian inter- 
pretation if a segregation of factors for greenness and whiteness in the 
somatic cells be allowed, he thinks it more probables that inheritance in 
this instance is not a matter of chromosomes and Mendelism at all, but 
is rather due to a sorting out of green and colorless plastids, themselves 
permanent cell organs, in the somatic cells. In order to account for 
irdicritanc(' through both the male and the female, Baur assumes that 
primordia of |)lastids are brought in through the male cytoplasm as well 
as the egg cyto|)lasni, a conclusion directly contradictory to that of 
C/Orrens. Ikeno (1917), working on variegatc'd races of Capsicum annum,. 
obtained results similar to those of Baur on Pelargonium, and concluded 
that transmission of variegation is not through the nucleus, l)ut through 
plastids contributed by both parents. 

Although the results and interpn'tations of Correns and Baur are at 
present irreconcilable except on the basis of assumptions not warrantc'd 
l)y known facts, they agiee in the conclusion that plastid inheritance is 
not Mendelian, but is due rather to extra-nuch'ar fact ors. Baur n^poi t s 
corroborative evidence in Antirrhinum (1918). Opposed to this con- 
clusion is that of Lindstrom (1918), who has clearly shown in the case of 
certain variegated races of maize that the inheritance of characters due 
to unusual plastid behavior is strictly Mendelian. This means that the 
distribution or degree of prominence of the plastids, although these may 
be organs with their own individuality, depends upon the activity of 
Mendelian factors in the chromosomes, which represent the only known 
cell mechanism in which there is at present any hope of finding an expla- 
nation for the distribution of Mendelian characters (Chapter XV). In 
Lindstrom's plants plastid inheritance appears to be as much a nuclear 
matter as the inheritance of any other character manifested in the extra- 
nuclear portion of the cell. 

On the basis of the data at hand the tentative conclusion seems fully 
justified that all cases of chlorophyll inheritance do not belong to one 
category. Some of them are clearly to be accounted for on the same basis 
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with other Mc'iidelian ehanieters, whereas otlu'is a|)])ear to rtaiuirc' an 
explanation of another kind. The n^sults of work in progress at Cornell 
University on variegated races of maize i)oints in this direction. One 
of the most interesting problems in cytology and genetics at present is 
that concerning the maniun* in which extra-nu(*lear bodies, such as plas- 
tids and tlndr primordia, may account for certain type's of inheritance, 
and the extent to which tlioir l)ehavior may be infivK'nced by the 
nucleus. 

Aleurone Inheritance. — We may here refe'r to the attempt, which has 
been made to explain the inheritance of aleurone color in maize endosperm 
on the basis of a somatic segregation of special cell organs in the form of 
granular primordia, which multiply by fission and develop into aleurone 
bodies of various types and colors. But since ah'urone and other endo- 
sperm characters are iidierited in Mendelian fashion, as shown by East 
and Hayes (1911, 1915), Collins (1911), and hhnerson (1918), and since 
there has been adduced in support of the supposed sort ing out of primor- 
ilia no evidence approaching in (*ogency that upon which the chromosome 
theory has been built up, geneticists generally are of the opinion that the 
(chromosomes with their well known mechanism of segregation offer th(» 
best promise of an explanation of the inhei itance of aleurone' characters, 
though all admit that other organs may ])lay a ])art in biinging these 
characters to expression. Furthermore', the case for the self-pe'rpetuity 
of the aleurone grain is inuech weakened by the fact of their artificial pro- 
duction by Thompson (1912). 

The theory that chondriosomes are concerned in heredity has been 
discussed in Cdiapters VI and XII. 

General Conclusions.— In conclusion the' statement may again be 
made that as genetical researches multiply it l)ecom(cs incre'asingly clear 
that the characters in which an individual re'sembh's that from which it 
sprang are not in ('very case transmitted to it in the same manner. Those 
characters which are inherited according to Mendedian rules, to anticipate 
a conclusion based on evidence to be presented in the next chapter, in all 
probability owe their repeated appearance in suce;essive generations to 
“factors’’ of some sort which are transmitt e'd by the chromosomes of 
the nucleus. This applie's also to those characters which, while Men- 
delian in distribution, depe'iid for their expression upon the presence 
of other cell organs (plastids) which may have an individuality of their 
own. 

All or nearly all of the hereditary contribution made by the male 
parent must in most organisms be in the above form, since the male 
gamete consists almost exclusively of nuclear material. The female 
gamete, or egg, in addition to the clearly Mendelian characters repre- 
sented by factors in its nucleus, may at least in the case of many animals 
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conlribute ccnlaiti }<oii(m:i1 chaiiicfcis, such as polarhy, syiuiuclry, and 
Koneral type of early developmcuit, which are the direct outj'rowth of an 
elaborate organizat ion pr(\s(‘nt in the egg (cytoplasm. It is true that this 
organization is the result of processes in which the nucleus cooperates 
during the differentiation of the egg, and those who hold to the universal 
applicability of the Mendelian interpretation would assume that the 
type of organization must depend upon Mendelian factors carried in the 
nucleus. Howeveu- this may be, the fact remains that the two gametes 
at the time of fertilization are not equal in hereditary potency, as 
Conklin state.s. So far as the clearly Mendelian characters are con- 
cerned, however, all evidence goes to show that they are precisely 
('(pial. 

The direct inheritance of mctiderdical characters, such as the above 
UK'nl ioned grecui plastid color in Pediatilruni, and the indirect inheritance 
of colony characters in the same foi m, afford other examples of hereditary 
transmission otherwise than through the nucleus. With respect to 
colony characters. Harper has shown in a striking manner, both in Ilydro- 
diclt/on and Pediastrum, that the characteristic form and type of organiza- 
tion assumed by the colony arc the results of interactions between th(' 
form, polarities, adhesiveness, surface tension, etc. of the free-swimming 
swarm spores which aggiegato to build it up. The swarm spore has an 
individual organization of a particular type, but its capabilities show it to 
b(> devoid of any arrangement of its protoplasmic parts corresponding 
eifher to its future position in the colony or to the arrangement of 
the cells in the colony as a whole. The character of the colony 
thus depends upon the interactions of its component units and is 
in no way represented in any one of them. Coiasequently it is held by 
Harper that no system of spatially arranged factors in a special germ 
plasm is required to account for the regular reappearance of such cell and 
colony characters in these organisms, and that such facts must be reck- 
oned with in attempting to explain heredity and development in terms 
of the cell. 

By whatevei- means they are transmitted, it is evident that most 
characters nmst be brought to oxpre.ssion through the activity of the cell 
system as a whole, the proce.ss involving a long series of reactions in 
which all or nearly all of the cell constituents play their parts. At the 
pre.sent time little or nothing is known of the real nature of the “factor” 
or of the manner in which it may influence the development of a character. 
In general, then, we may say that the heritage bequeathed by an indi- 
vidual to its offspring is in mo.st organisms transmitted mainly through the 
!iucleus, since it is very largely upon this organ that the development or 
non-development of particular characters in the organism depends; but 
also that the development of the characters in the offspring, however these 
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may be transmitted, involves all of the cell organs as W(‘ll as a comjjlicatc'd 
and orderly series of intcncellular reactions and response's. Tlu'se two 
phases, the transmission of a heritage of factors and the develop- 
ment of the organism’s characters as the n'sult of their inllueiice', 
must both be veny much more fully known before either can l)e adeepiatc'ly 
understood. 

To some of the more cogent evidences upon which these' general ce)n- 
clusions are based we shall now turn. 

Bibliography at end e)f Chapter XV III. 
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MENDELISM AND MUTATION 

MENDELISM 

classic. r(\s(airchcs (*arri(Ml out hy M('ii(l('l a lialf-c('iilury a^o on 
th(* hybridization of gardcni peas arc now so well known that a detailed 
description of thenn woidd l)e superfluous h('r(\ Moreover, since tlie 
main princi[)les of Mendelism are illustrat('d in the results of the simjilest of 
Mendel’s expiniinents, a r(‘vi(‘w of one* or two of th(‘ lafter will for our 
I)urposes be sufheamt.^ 

A Typical Case of Mendelian Inheritance.- Mcmdcd cross(*d plants of a 
pure bred rac(» of tall jx'as ((> to 7 f(*et in iHu’ght) with plants of a pure 
l)red dwarf race (% to 1 feet, in luaght) (Fig. 129). All the plants 
of the first hybrid generation (F\) were tall lik(' oue of th(‘ii* parents. 
When these tall hybi'ids w('r(» self-fert iliz('d or bi’ed to oiu' aiiotluu*, it 
was found that the second hybrid geiuu’ation (F o) conij)ris(Ml individuals 
of th(* two grandparental types, tall and dwarf, in fh(' relative numerical 
proportion of 3:1. It was furtlHu* found (hat the tall individuals of this 
geiuuation, though alike in visible chaiacfc'rs, were unlik(' in g('n(‘ti(^ con- 
stitution: one-third ol them, if br(*d for anotlxu* generation, piT)duc(Hl 
nothing but tall offspring, showing that they were “pure'” for the 
charact(M’ of fallnc'ss; whereas tlu' other t wo-thirds, if similaily bnal, 
produced again in th(» next generation both tall and dwarf plants in the 
I)roportion of 3 ; 1, showing that they were hybrids with iesp('ct to tallness 
and dwarfness. The dwarf plants of the second hyl)iid gemeration (^^ 2 ) 
produced nothing but dwarfs when interbred; they were ‘‘purcF’ for 
dwarf ness. From these facts it was (‘vident that the plants of the F 2 
generation, although they formed only two visil)ly distinct classes, were 
in reality of three kinds: pure tall individuals, tall hybrids, and pure 
dwarfs, in the relative numerical proportions of 1:2:1. 

I he (explanation (offered by Mendel for these phencjmena may be 
briefly stated as follows (Fig. 129). The germ cells pr’oduced by the 
pure tall plant carry sonuffliing (now termed a factor ^ represented here 

* Detailed accounts of the many facts of Mendelism ma}' be found in more special 
works on the subject. See Morgan et al. 1915, Cliapters 1 and 2; Bateson 1913; 
(^astle. Coulter et at. 1912; (Jastle 1910; Coulter ami C^oulter 1918; Babcock and 
Clausen 1918, C^hapt(*r .5; Punnet 1919; Darbishire 1911; Morjzian 1919u; T homson 
1913; East and .Tones 1919. 
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7^) which iiiakcs (he result plant tall. 3^he ^erm c('lls of the dwarf 
plant carry soniethinj>; it) causir*j»; the dwai-f condition. In the first 



Fuj. 129. — A typical Mciidcliau cross hctwoeii tall and dwarf peas, showing doriiinaiico 
of the tall over the dwarf condition in the first hybrid generation (Fi), and the d: 1 ratio of 
tall plants to dwarfs in the second hybrid generation (F 2 ). At the right is shown the 
corresponding distribution of the Mendelian factors for tallness (7’) and dwarf ness (p. 

hybrid generation {F 1 ) both factors an? f)resent, T coining from on(‘ partmt 
and / from the other, but T “dominates” and prevents the expression of 
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the recessive tj so that the plants of this generation an^ all tall. Wluni 
the hybrid {F i) produces germ cells the two factors for tallness and 
dwarfness separate, half of the germ cells receiving T and the other half 
receiving t. Each gamete therefore carries cither one or the other of the 
two factors in (question, but never both: a given gamete is ‘'pure” 
either for T or for t. This segregation in the germ cells of factors pre- 
viously associated in the individual without their having been altered by 
this association is the central feature of the entire scries of Mendelian 
phenomena, and is often referred to as MendeVs first law. Since, now, 
the gametes, both male and female, produced by the hybrid plants of the 
F\ generat ion are of two kinds (half of them bearing T and half bearing t) 


HIRAAILIS JALAPA 



Fk;. i;iO. — Bloiidiii« inlicritanco (“incomplete dominance “) in MirahiUs jalapa, sliowinj; 

1:2:1 ratio of three genotypes in Fi. {Adapted froin Correns.) 

four comlhnations are possible: a T sperm with a T egg, a T sperm with a 
I egg, a t sperm with a T egg, and a t sperm with a t egg. These four 
combinations result respectively in a tall plant (pure dominant, TT), two 
tall hybrids {Tt and tT), and a dwarf plant (pure recessive, it). It is 
obvious that in the long run these three types will occur in the ratio of 
1 :2 : 1 . 

> 

Meiukd's researches on peas included also a study of six other pairs 
of lunitablc characters (now known as allelomorphic pairs), the two 
members of each pair behaving toward each other in a manner similar to 
that described above for tallness and dwarfness. He further observed 
that the seven pairs are entirely independent of each other in inheritance 
{MendeVs second law; now modified; see p. 384). All these phenomena he 
interpreted on the basis of the hypothesis that each character is in some 
way represented by a factor in the cells, new combinations of factors 
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being foiiiied ut fertilizMtion and the nioiiibers of each alleloniorphie { 3 air 
of factors separating when the germ cells are formed. 

The Mendelian proportion of pure forms and hyl)rids is more easily 
followed in cases of ‘incomplete dominance/’ the pure* dominants hen^ 
being visibly distinguishable from the hybi-ids. Such a case is that of 
MiraUlis jalapa, the four-o’clock (Fig. 130). If plants bearing pure' nal 
flowers (var. rosea) are crossed with those bearing pure white flowcMs 
(var. alba) the result is an F] generation of intermediate pink-flowerc'd 
plants. When these pink hybrids an^ bred among themselves the result- 
ing F 2 generation comprises plants of three visibly different types: pur(‘ 
dominants with red flowers, hybrids with pink flowers, and pure recessivc's 
with white flowers, in the numerical ratio of 1:2:1. 

Terminology, We may here introduce certain terms prominent in the 
literature of genetics. The genotype is the entire assemblage of factors which an 
organism actually possesses in its constitution, irrespective of how many of 
these may be expressed in externally visible chara(;ters. The phenotype is the 
J^ggregate of externally visible characters, irresj)cctive of any other factors, 
unexpressed in characters, whi(;h may be present in the organism. For illustra- 
tion: in the case of the tall and dwarf peas there are in the second hybrid genera- 
tion {F 2 ) three genotypes (with respect now only to the single character pair 
discussed): TT, Tt, and tt, represented respectively by pure tall plants, tall 
hybrids, and dwarfs; but there are only two phenotypes: tall and dwarf, because 
of the fact that the complete dominance of tallness over dwarfness renders the 
hybrids externally indistinguishable from the pure tall individuals. Thus one 
phenotype (tall plants) here includes individuals with two genotypic constitu- 
tions, and the two can be distinguished only by a study of their progeny. In 
Mirahilis, however, there are in the F 2 generation not only three genotypes 
represented, but also three phenotypes, since the incomplete dominance renders 
the hybrids externally unlike either of the pure forms. 

An individual is said to be homozygous for a given allelomorphic character 
pair if it has received the same factor from the two parents — a pea, for example, 
with the constitution TT or tt. If it has both members of the pair, such as Tt, 
it is said to be heterozygo'iis. It may be homozygous for some allelomorphic pairs 
and heterozygous for others, or it may conceivably be either homozygous or 
heterozygous for all of its characters. Thus an organism with the genotypic 
constitution AABhcc is homozygous for the characters represented by A A and 
cc, and heterozygous for those represented by Bh. It is thus a pure dominant 
with respect to A and a, a pure recessive with respect to C and c, and a hybrid 
with respect to B and 6. The phenotypic appearance of the organism would be 
determined by the dominant factors A and B and by the recessive c; a given 
dominant factor dominates only its recessive allelomorph, and not the recessive 
factors belonging to other pairs. It is a common practice to represent dominant 
factors or characters by capital letters and their respective recessive allelomorphs 
l)y the corresponding small letters. 

The Cytological Basis of Mendelism. — Having before us some of tha 
principal facts of Mendelism and Mendel’s interpretation of them, we 
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may now turn to ihci cytolojijical basis of th(^ Mendelian phononK'iia, and 
inquin^ what visible mechanism there is in the cell which will in any way 
help us toward an umhustanding of the striking behavior of the Mendelian 
characters. 

The behavior of the chromosomes at the (*ritical stages of the life 
cycle as descrilxHl in the ('hapters on reduction and fertilization must 
first be recalk'd. (See Fig. 131.) It has been shown that their history 
is as follows. Ea(;h parent furnishers the offspring with a set of chromo- 
somes, the two sets (r(ri)resenteel in the diagram hy ABC D and abed) 
being associated in all the cells of the, offspiing. When gametes (or 
spores follow('d later by gamerte's in ther case of higln'r plants) are to b(' 



Fiu. i;U.- -DiM^rain showiiijr th- history of the chroinosonies in tlie typical life cycle of 
animals. (A/irr Wilson, lOi:^) See also Fi^r. 77. 

formed by the new individual the chromosomes pair two by two (synap- 
sis), the two homologous members of each pair (rorning from the two 
parental sets. In the first maturation division (usually) the two members 
of each pair separate and enter different daughter cells: this is reduction, 
or the separation of entire chromosomes, presumably qualitatively differ- 
ent, instead of cpialitatively similar halves of chromosomes as in somatic 
division. In the second maturation division all the chromosomes split 
longitudinally (eciuationally), so that as the result of the two divisions 
there are four gametes (or spores), two of them differing from the other 
two in chromatin content. The somatic chromosomes are therefore 
segregated into two unlike groups: each gamete (or spore) has a single set 
of chromosomes, the S('t being composed of one member of each of the 
pairs formed at synapsis. This set represents the contribution made to 
the following generation. 
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the (factors for the) two characters forming each allelomorphic l)air 
separate and pass to different gametes (or spores). Thus the chromo- 
somes and the characters alike form a duplex group in the body cells and 
a simplex group in the gametes (or spores) : the chromosomes, like the 
(characters, form new condjinations at fertilization and are segregated 
when the gametes (or spores) are formed. In the diagram the letters 
ABCDabcd stand equally well either for chromosomes or for characteis. 
In view of these facts it appears extremely probable that (chromosome's 
and Mendclian characters have a definite cau.sal relationship of some' 
kind: it is scarcely (conceivable that the exact and striking parallelism 
that they show can be without significance. 

The precise nature of this correspondence between chromosome be- 
havior and character distribution can be even more ch'arly shown by a 
consideration of the hi.story of a single homologous pair of chromosomes 
in a typical Mendclian cro.ss. If a pure white (albino) guinea pig be mated 
to an individual of a pure black strain the offspring are all black; black 
is completely dominant over white (Fig. 132). If these black hybrids 
arc bred among themselves they produce in the F 2 generation three Idack 
animals to one white, or, more precisely, one pure black to two black 
hybrids to one pure white. Let us now follow a single pair of chromo- 
somes of each of the original animals through these two generations. 

At the left in Fig. 133 arc represented the two animals, pun^ black 
and pure white, their chromo.somcs b(dng drawn in solid black and outliiK' 
respectively. In the black animal the two chromo.somcs pair at .synai)sis 
and separate to the two daughter cells at the fir.st maturation mitosis, 
and split longitudinally at the second, so that each of the gametes re- 
ceives a single chromosome representing a longitudinal half of one of the 
original pair. A similar process occurs in the white individual. Unions 
l)etwecn the gametes of the two animals now result in the Fi hybrids, 
each of which has one chromosome from its black parent and one from 
its white parent (not counting the chromosomes of other pairs). When 
these hybrids form gametes, as is seen at once in the diagram, the pa- 
ternal and maternal members of the chromosome pair separate, with the 
result that half the gametes receive one of them and half the other. 
There are thus two kinds of spermatozoa and two kinds of eggs, one kind 
carrying the paternal chromosome and the other carrying the matermd 
one. Chance combinations now result in a generation (Fj) of animals, 
one-quarter of which have derived both chromosomes of the pair in 
question from the black grandparent, one-half of which have derived 
one chromosome of the pair from each grandparent, and one-quarter of 
which have derived them both from the white grandparent. Moreov('r, 
these animals are respectively pure black, hybrid black, and pure white, 
in the proportion of 1:2:1. Thus it is seen that there fs a direct paral- 
lelism, not only between chromosome sets and character groups, hut also 
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M,rren Ihc di.lnlmlion of a given homologous imir of chnuuosomes and 
Ih'd of a. single allelomorphic pair of Mendelian characters. 

IIS IS oxii(!tly Uu- coiKiition wliicli would rosult if two luatciiul 
units each ropiosoiif ii.g o.io of the characters of an alleloinoriihic pair 
wcie located in two homologous chromosomes that pair and separate at 
reduction 1 he chromosomes afford precisely the type of mechanism 
ie(iuiied to account for the distribution of characters if the latter ar(> 
associated with a definite material basis. It is this riarallidism between 
the^ behavior of the chromosomes in reduction and that of Mendelian 
faidors in segregation, first emphasized by Boveri and by Sutton, which 
lias led geneticists generally to the vi(>w that the characters are actually 



represented in the chromosomes by material factors, or genes, which in 
some unknown manner control the development of the charaiders in 
the body. 

The earlier view that each character is thus represented by a single 
material unit or determiner has now given way to the more fully devel- 
oped Factorial Hypothesis, according to which, on the one hand, a 
character may be due to the cooperative action of two or more factors 
( duplicate” or “cumulative” factors); and, on the other hand, a single 
factor may have “manifold effects,” influencing the development of several 
laracters. 1 he factors, or genes, are thought by some to constitute a 
complex reaction system, interactions between genes having a marked 
effect upon their activity in producing characters.' “The factorial 

' A simple and brief explanation of the effects of cumulative factors is given hv 
Coulter and Coulter (191S). 
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liypotlK'isis does not assunui that any oiu' factor j)ro(luces a particular 
character directly and by itself, l)ut oidy that a character in one organism 
may differ from a character in another because the sets of factors in the 
two organisms have one difference/’ ^^It can not ... be too strongly 
insisted upon that the real unit in heredity is the factor, while the charac- 
ter is the product of a number of genetic factors and of environmental 
conditions” (Morgan et aL, 1915, pp. 210, 212). 

The abundant oppo? tunity for the forniation of new factor combina- 
tions should be noted in this connection. An organism with four pairs of 
chromosomes in its body cells, and otdy one pair of factors in each (‘hromo- 
some pail', could form, as th(' result of the independent distribution of the 
four |)airs of chromosomes, gametes with as many as 16 different geno- 
typic constitutions (Fig. 134). Such a diversity being present in the 
gametes of both sexes, this means that mon^ than 200 different com- 
binations are possible at fertilization. TIh' 12 pairs of chromosomes in 
man may in the saiiK' way form several million such comI)inations. Since 
there is good I'caison lo believe that (‘ach chromosome carries more than 
oiH' factor the num})er of variations actually produced by these' means is 
almost incalculable. This subject will l)e pursued fuitlu'r in the chapter 
on Linkage ((diapter XVII), whore the' evid('nc(' for the' presence of many 
factors in a single* e*hromosome will be pre*senteel anel the* e*e)nseque*ne*es of 
this ce)nditie)n pointeel out. 


MUTATION 

Althe)ugh oiMnion is divieled over the question of the* real natiu'e of the 
phenomenon erf mutation, particidarly in QiJnothera Lmnarckiana, one 
schoe)l (de* Vries el at.) holeling that it represents the* ae*tual origin of new 
forms, and ane)t her (liatesein, Davis, Lotsy) regarding it as the result of 
segre*gation in an organism of hybriel constitution, the observoel facts in 
e*ithe*r case* are neverthe*le*ss ve‘ry significant with respect to the chre)mo- 
se)me the*orv e)f he*rcelity. The mutations observeel to arise from (Enothera 
fAit)iarckian.(i fall into two ge'neral classes: first, the)se accompanie*el by 
alterations of the normal chroniejsome number (seven pairs), anel seconei, 
those* in which the number underge:>es no change.^ 

Mutations Accompanied by Changes in Chromosome Number. — It 
is to be neffeel first of all that the mutants belonging to this class do not 
behave in a tyi)ically Menelelian fashion when bred to other forms, anel 
that this is correlateel with the serious elisturbance of the chromosome 
mechanism. (Enothera mutants with many abnormal chromosome num- 
bers have been observeel; Gates, for example, founel them with 15, 20, 
21, 22, 23, 27, 28, 29, anel 30 chromosomes. 

* Our kn(jwl(‘dge of the cytology of the (JCnolheras is due mainly to the researches 
of Gates, Davis, Stomps, and Miss Lutz. 
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Fhe 2H-cJirotn()mnie MuLuits {(jigits (jrouj)). In tlu' niiiliinl forms of 
this groiij), of which (Enothera (jnjas is a numilxM', th(' somatic number of 
chromosomes is 28 rather than 14; th(‘ plants are tetraploid (Fig. 135, 7i). 
How this condition arises is not (*ertainly known. Stomps (1912) 
believed it to l)e th(‘ result of the union of two unreduced ganudes, whereas 
Gates (19()9/>) suggested that ‘‘th(» doubling in tli(' chromosome numb(*r 
had probably occurred as th(' result of a suspended mitosis in the fertilized 
egg or in an early division of th(‘ young embryo.” Strasluirger (19106) 
also adopted the latter view. 




A, intorkinosis in (E. Lmnarckiana; 7 split chroinosonics. li, saino in (E. uifinfi; 14 
split (*hrf)inosonios, C, somat ic <*c*ll of (E. tnilatn: I.*} i liromosmnos. D, inotaijhaso of 
hornoDotypic mitosis in (N. hiennis lata, showing S chrfiinosomos on one spindlo and 7 on 
tho other. Spores an<l ^lametes with these mimhers will result. E, the 21 ehrmnosomes 
in a mutiJut from (E. Lamarckiana. (.1 and H after Davis, 1911; C' and D after dates ami 
Thomas, 1914; E after Lutz, 1912.) 


The mutants of i he (fitjas group are charact(M'iz(‘d chicdly by an unusu- 
ally large size, not only of the jilant as a whok* but also of its anatomical 
constituents. In th(» tetraiiloid imxXiini (Enothera stenotnei'eH, for instance, 
Tupper and Bartlett (1910) found that the change from the diploid to 
the tetraploid condition is concomitant with a 50 per (;ent increase in 
the length of the vessel, a 150 per cent increase in the area of its cross 
section, a 50 per cent increase in the length and diameter of the tracheids, 
an increase in the three dimensions of tlu^ medullary ray cells, and a break- 
ing up of the tall multiple ray into a number of thin simple rays. 
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A fini]i(*r sigiiificaiii ohsca vaiion on inutantH of this ty|)(‘ was that of 
( irogory (I9M) on a, tc'traploid /V////a/a. Ho shovvod l)y l)ro(*(ling (^xpcn i- 
nionts that twicer the; normal mimhor of IVT(m(I(‘lian lactors an* pix'soni : 
thus when the chroinosoiiKi nuinbor is tetraploid the iiiinil)er of factors is 
also tetraploid; each allelomorphic pair is represented twice. 

It should be stated that not all cases of gigantism are accompanied 
in this manner by an increase in the chromosome number. In Phragmites 
comrnunisy for example, Tischler (1918) finds al)normally large size asso- 
ciated with an increase in the size of the chromosomes, but not in their 
number. Stomps (1919) points out that among gigati mutants of GiJno- 
thera, Nai'dssius, and Primula there are diploid as well as tetraploid 
individuals, which must mean that the altered (diromosome number is not 
the sole cause of such mutation but is rather one of the characters of the 
mutant. 

The ir'i-chromosome Mutants (lata group). — The presence of an extra 
chromosome in the cells of Oenothera lata and other members of this grou[) 
is due to the fact that the members of one pair of chromosomes in (Kno- 
thera Lmnarckiana fail to separate at the reduction division, both of th(*m 
going to one daughter cell. This phenomenon is known as non-disjunc- 
tion. As a consequence there are gametes with eight and six chromosom(*s 
rather than the normal sewen; and a union of an 8-chromosome gamete 
with a normal 7-chromosome gamete results in an individual with 15 
chromosomes instead of the normal 14 (Fig. 135, C). 

In her study of 15-chromosome mutants Miss Lutz (1917) found 11 or 
12 types belonging to this group; only two of them were of the usual lata 
type. This condition may be accounted for on the hypothesis that it is 
sometimes one pair of chromosomes and sometimes another which fails 
to separate at the time of reduction, so that the extra chromosome is not 
in all cases the corr(*sponding one of the compkmient. If the various 
chromosomes of the conij)l(*ment differ in hereditary value, as there is 
much reason to believe, it is evident that this would allow for a great 
vaiiety of mutants with the same aberrant chromosome number. In 
(Enothera scintillans Hance (1918) has shown by careful measurements 
that the extra chromosome can be distinguished from the regular 14. 
4"wo classes of gametes are formed, some with seven chromosomes and 
some with eight (P4g. 135, D) The union of two 7-chromosome gametes 
gives (Enothera Laniarckiana, the form from which scintillans sprang 
as a mutant; whereas a union of a 7-chromosome gamete with an 8- 
chromosome gamete gives (E, scintillans, Hance therefore points out 
that the scintillans characters are plainly associated with the extra 
chromosome. (E, scintillans was further observed to give rise to a type 
resembling (E, ohlonga. It is possible that this was due to the union of 
two 8-chromosome gametes. 
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77/r 2\-chro)noHonie Mutants {sennciigas group), — Tli(' 2 1-cliroinosoiiK' 
conditio!! is brought iiboiit by th(^ union of n noi inal T-chroinosoinc gaundc 
witli M l4-(*hroniosoin(‘ gamete prodmaMl oil her by a inulaid of th(‘ gigas 
groui) or by a normal plant through failure of r(Mluelion. These mutants 
are triploid (Fig. 135, E). 

As might be expected in forms with aberrant chromosome numbers, 
especially in those with an odd number like 21, certain irregularities 
occur in the maturation mitoses, with the result that gametes, and henc(' 
progeny, with abnormal chromosome numbers are produced. Accom- 
panying this irregular behavior is an unsettled hereditary condition, the 
plants showing various unusual chara(‘ter combinations and differing 
markedly from generation to geiuu’ation. In the course of such a series 
of geiKU'ations there is a gradual settling down to the normal numb('r 
through the loss of chromosomes in irregular mitoses. When the nor- 
mal number (14) is finally reached the plants become mu(;h more stable 
in their hereditary behavior: the hereditary mechanism again appears 
to be in equilibrium. In one su(*h series of mutant forms, whicdi had 
arisen in the first place from (Etioihera Lamar ckiaria, deVries and Stomps 
found that after the normal chromosome number had thus beam settled 
upon the plants were not of the Lamarckiami type. Although the num- 
ber was that characteristic of the original Lamarckiana individual from 
which the series originated, the assortment was apparently a new oiu*: 
during the settling down process some chromosome pairs of the com- 
plement had been lost completely while others had been duplicated. 
The plants consequently had certain characters represented in duplicate, 
while others present in the orignal ancestral plant were entirely lacking. 
Upon the theory that the chromosomes of the complement differ in here- 
ditary effect, the above facts are n^adily explained. 

Conclusion, — All the(‘vidence goes to show that in the abov(‘ d(‘scrib(Ml 
mutations the change; in chromosome number and the' change' in the; visible; 
characters of the organism occur simultanee)usly. This fae;t e*ejnst itute;s a 
strong support to the theory that in the chre>mosonies the;re are factors 
representing heritable charaeders, and inelicates that mutations, whatever 
may be their ultimate nature, are e;ausally connected with alterations, 
often visible, in the cell mechanisrn. 

Bearing on the Origin of Species and Varieties. — The question nat- 
urally follows as to what ext(;nt the origin of new species and vari(;ti('s 
may be bound up with fluctuations in chromosome number. Although 
the experimental evidence, aside from that of the (Enothera mutants 
which many do not regard as species at all, is as yet quite meager, tlu' 
following facts are nevertheless very suggestive in this connection. 

In published lists of chromosome numbers it is strikingly evident 
that the numbers shown by the species of a given genus or even of ah 
entire family very commonly form a series of multiples. Also, one or 
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two specios of such a f^roup fnHpuMitly have* but oiu^ or two cliroiiiosoiiK; 
pairs moro or less than one of the nunilxu-s of the niultiph* series. From 
this it is to be inferred, as suggested by MeClung (1905, 1907), that there 
is a relationship of some sort between the constitution of the (diromosome 
complement and the externally visible taxonomic characters. Ortain 
illustrative (*xamples will now be cited. 

Plants . — In the Legurninosse most of the species which have been 
examined possess (*ither 6, 12, or 24 pairs; Pisum has 7. ('ornmori 
numbers in the Rosacea? are 8, 16, and 32; some species have 6. 
In a new study of a large number of species of Rosa Tackholm (1920) 
finds the fundamental haploiil (diromosome number in this genus to 
be sev(*n rather than eight. The various sp(*cies of ChrysantJienmm. 
have 9, 18, 27, 36, and 45 pairs. In l)oth Triticiirn (Sakamura 1918) and 
Avena (Kihara 1919) the pairs number 7, 14, and 28 (Fig. 13()). From 



these and many other similar cases it is inferred that Ic'traploid speedes 
liav(‘ been derived from diploid species in much the same way that 
(Knoihera. (jiqas with its 14 pairs has been ol)served to arise* from (K. 
Lamarckiana with seven; that triploid species have* arisen (*ithei’ by 
disp(*i’my or by a union of diploid and haploid gametes as in t he* semiqigas 
group of (Enothera mutants; that hexai)loid sp(*(des have in turn arisen 
from the triploid ones; and that those forms with numbers not belonging 
to the* regular multiple series have resulted from furth{*r iri-egularities in 
chromosome behavior. Among such irr(‘gularities are the failure of the 
t wo memb(*rs of a homologous })air to sc'parate at reduction (non-dis- 
junction), and the segmentation of certain chromosomes at their points 
of constriction (Sakamura 1920; Kuwada 1919). Changes in chiomo- 
some number are thus looked upon as an important factor in the origin 
of new species. 

The above conclusion is supported further by the observations of 
Sakamura (1918) and Kihara (1919) on wheat. Sakamura finds that the 
one-grained wheats {Triticurn rnonococcum) have 14 chromosomes (dip- 
loid), the emmer wheats (T. dicoccunij T. polonicum^ T. durum, and T. 
turqidum) 28 (tetraploid), and the spelt wh(*ats (T. spelta, T. vulgare. 
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aiul 7. coinpaciuni) 42 (iK'xaploid). H(* coiicliKh's that llu' oiu'-graiiu'd 
wheats are the aiieestial forms from which tlu' (Mimu'r and spcdt wheats 
have arisen through changes in chromosome niindxM’. This is precis(4y 
the conclusion which Schulz (1918) and Zade (1914, 1918) had reached 
on oth(U’ grounds. Kihara (1919) found furtlKu* that by crossing (unmer 
and spelt wheats l(‘rtile hybrids with 35 chromosomes could b(‘ ol)tained, 
and that these in future generations produced forms with varying chromo- 
some numbers because of the irr(‘gular manner in which the chromo- 
somes are distributed at th(‘ tinu* of reduclion. (S(*(' p. 253.) As a 
general rule hybrids i)roduc(‘d by cro.ssing forms with difh'rent chromo- 
some numbers are sterik^, but wlam th(‘y ar(‘ hu tile and their chromosonu' 
number is odd there is usually an irregularity in gcuudic behavior for 
several generations until the nundnu- again Ix'comes scdtled. In Honu) 
cases the number thus sc'ttled upon is that of the original an(‘estor with 
the lower numlx'r (the (Knothcra mutants of d('Vri(\s and Stomps cited 
above), whereas in other cas(‘s {T nticutn) it is that of tlic' ancc'stor with 
the higher number, d'he maniK'r in which many su(*h change's in numb('r 
oc(‘ur is not yet known. 

A study of th(‘ chromosomes in the genus Crepis luis Ix'en made' from 
this point of view by Rosenberg (1918, 1920). He' finels fe)Ui‘ spe'e'ie's, 
including C. virefh^, with thre'e^ pairs of e‘hre)me)se)mes, e'ight spe'e*ies with 
fejur, fe)ur specie's with five', e)ne‘ spe‘e*ie's with eight, e)ne spe'e*ies with nine, 
and thioe species with 21. In Crepis the' clu‘e)mose)me's elilTer markeelly 
in size, anel Rosenl)erg conclueles tliat the' speeaes witli thre'e', four, anel five> 
pairs have arisen through such irre'gular elistrilnition e)f the' smalle'r e'hro- 
me)se)nies as has actually be'e'ii ejbse'rve'el in the' maturatiejn elivisie)ns, 
toge'ther with ree*ombinations occurring at fertilizatie)!). The se'gme'nta- 
tie)n e)f the larger e'hromejsome's of the ce)mi)le'ment is ne)t the)ught te) 
oce'ur. 

In an extensive investigation of the chre)mose)mes of Zea Mays 
Kuwaela (1919) has fejunel e*yte>logical ce)nfirmatie)n e)f the ea)ne‘lusie)n e)f 
Collins (1912) that this species, whie'h for some' years has playe'el a 
conspicuous role in ge'iie'tical investigations, is in all prol)abiUty a hybriel 
between Eiichlama mexicana (te'osinte) anel some' other unknown form 
bele)nging to the' ne'arly relateel Anelropogoneie. Owing to their in- 
equality in size Kuwaela is aide to elistinguish what he consielers to be 
the chromosomes of the two supposeel ancestral derivations in the cells 
of certain races of maize'. Thus gemiiii with components of unequal 
size are frequently ol)serve'el in the micre>spe)rocytes. 

Animals. — The most complete de'seription of the chromosomes in a large 
number of closely relateel animal species is that given l)y Metz (1914, 19166) 
for the Drosophilielae. In about 30 species Metz has identified no less than 
12 main types of chrome)some' groups, all but one of them being founel in 
the genus Drosophila. In Fig. 137 are she)wn eliagrammatically the 12 
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principal typ('s as th(‘y appear with their (diaracPa istic arrangcunents a1 
lh(^ time ot cell-division, iyiie A is that found in Drosophila melano- 
(jaslcr (lormerly known as D. ampclophila) , upon whi(;h 1,he greatcn* part 
of the genetic work in th(\s(i fiies has been done; it is also characteristic 
of several other species. Here there are two pairs of large bent ^^euchro- 
mosomes/' one pair of sex chromosomes, and one pair of very small 
m-chromosomes.’^ In some of the other species it is seen that the' 
position of one or both of the large pairs is occupied by two pairs but 
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i^ia. 137. Iho 12 principal types of chromosome groups found in the cells of the Droso- 

philidio. {After Metz, 1910 .) 


half as largo, and tlioro is much evidence to show that these have arisen 
by a segmentation of the large chromosomes. Furthermore, the rn- 
chromosomes do not appear in some species, but it is not yet certain 
whether they are actually lost through irregular mitoses or are fused 
with some of the larger chromosomes of the group. Since irregular 
mitoses lesulting in abnormal distributions of chromosomes are actually 
observed in Drosophila^ and are known to be accompanied by changes 
in the hereditary constitution, there can be little doubt that by this and 
other means all the types of chromosome groups have been derived from 
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one or two original typos, and that tho specific differences exhibited by 
the organisms are related to these differences in their chromosome 
complements. 

This conclusion is supported by the observations of McClung, Robert- 
son, and others on the chromosomes of other insect familic's. In the 
grasshoppers, for example, Robertson (191G) finds that the various 
chromosomes of the complement form a regular graded scuies and 
can be identified in all the species and genera studic'd. The neanu* the 
I’elationship the more nearly similar are the chromosome complements. 
Robertson states that the degree of ndationship is as clearly (\xj)ressed 
in the nucleus as in the externally visil)le characters, and that tlu' 
evidence indicates that descent by variation from a common anc(\stral 
series of chromosomes is paralleled by degrees of variation in somatic 
structures. 

Mutations Accompanied by No Change in Chromosome Number. 

In most of the examples of this (dass it has i)e(m found that the mutant 
behaves in a strictly Mendelian manner, usually being recessive to the 
type from which it sprang. This observation falls into line with the fact 
that the number and behavior of the (‘hromosornes remain the same; the 
operation of the Mendcdian mechanism is not disturl)ed. Consecpiently 
if the origin of mutations of this class is dependent on the chromosouK's 
it must be due to a change of some kind occurring within the (diromosoiiK' 
a.nd aff(K*ting the charactcu* of its factors, or gemes. That such factor 
niuiations do take place is the hypothesis upon which a large school of 
genetiedsts is attem[)ting to account for many of the observed plnv 
noniena of inheritance. Such mutations may involve either a singh^ 
gene only (''point mutation^’) or a group of genes occupying a given 
rc'gion of a chromosome ("regional mutation’')* Furthermore, they 
may apparently occur either in the germ cells or in the somatic cells, 
but seem to be most frequent in the former at the time of maturation, 
for the reason that only one or two gametes (or spores followed later by 
gametes in most plants) among the large number produced rev(Uil the 
presence of the altered gene in their effect upon the offspring, d h(‘ 
mutation in the gene must here take place after the multiplication of 
the germ cells has been nearly or quite completed; otherwise the effect 
would be manifested by a larger number of gametes (or spores). If, as 
is true of the majority of cases, the mutation is such as to result in a 
recessive character, this character does not manifest itself until it meets 
a similarly mutated gene in the homozygous individual. Thus such 
an alteration may remain latent for many generations, or may never 
come to expression at all. 

Factor mutations occurring in somatic (rneristematic) (;(dls result in 
what are known as " vegetative mutations.” These are of two principal 
kinds: bud sports and chimeras. In the case of the bud sport, which is 
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l)clicvo(l to be due to a factor mutation in the very young bud, the entire 
product of the bud — l)ranch, flower, or flower cluster — has a new geno- 
typic constitution and exhibits an appearance oftem sti*ikingly different 
from that of the othoi* braiu-hes or flow(*rs of th(? plant. Such a factor 
mutation occurring in a partially dcvoloj)ed shoot or organ results in a 
chimera, in which a distinct portion of the mature structure, commonly a 
sharply defined sector, difhns genot-y|)ically and in appearance from the 
other portions. J3y sonu' geneticists vegetative mutations are thought to 
be due to a somatic sc'gregation of allelomorphic? factors in a heterozygous 
individual and tludi* consequent independent activity in different por- 
tions of the body. 

The natur(‘ of the change' which may thus occur in the gene is unknown, 
since the nature of the g(‘ne itself is entirc'ly a matter of conjecture. 
Although it has Ix'en suggc'sted that the gene, because of its relative 
stability, may be simply a molecule, it is more' probably a more complex 
colloidal aggregate, possibly enzymatic in nature, which is capable of 
growth and division. As such it could not be expected to be absolutely 
stable, as sonu' geneticists have thought, but changes would in all likeli- 
hood take' place' occasionally by addition, loss, or rearrangement of the 
constituent atoms of the molecuhj. The probable rate of change of the 
genes in Drosophila has been calculated by Muller and Altenburg (1919). 
What th(' agencies arc' which c*ause such change's is also unknown. Some 
evidc'iice has bc'C'n brought forward to show that genes may be modified 
by external inffuenc?es, Imt by many it is rc'garded as of very doubtful 
value. Idle stimuli to which the' genes respond by undergoing some 
constitutional change are probalily for the most part internal ones. 
Although the numbc'r of ways in which a gene may c'hangc' is limited by 
its own organization, the possible c'hanges are nevertheless numerous, 
so that it is very probable that many variations which constitute initial 
steps in evolution originate in this manner.^ 

Conclusion. — The following iiaragraphs arc qucjted from East and 
Jonc's (1919, pp. 79 ff.): 

'‘The relation betwc'en fact and theory in the Mendelian conception of 
inheritance is this: Various kinds of animals and of plants were crossed and the 
results recorded. With the repetition of experiments under comparatively 
constant environments these results recurred with sufficient regularity to justify 
the use of a notation in which theoretical factors or genes located in the germ cells 
replaced the actual somatic characters found by experiment. Later, the ob- 
served behavior of the chromosomes justified localizing these factors as more or 
less definite physical entities residing in them. Now the data from the breeding 
pen or the pedigree culture plot and the observations on the behavior of the 
chromosomes during gainetogc'uesis and fertilization are facts. The factors are 
l)art of conc(?ptual notation invented for simplifying the description of the breed- 

^ See the discussion of these points by Conklin (1919-1920). 
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ing facts in order to utilize them for the purposes of prediction, just as the chemi- 
cal atom is a conception invented for the purpose of simplifying and making 
useful observed (chemical phenomena. As used mathematically, both the geneti- 
cal factor and the chemical atom are concepts, but biological data lead us to 
believe that the term factor re|)resents a l)iological reality of whose natun; we 
are ignorant, just as a molecular formula represents a physical reality of a nature 
yet but partly known. 

“ With this distinction in mind, one may treat the factor — or the atom - from 
two points of view, either as a mathematical concept or ji physical reality. As 
a mathematical concept it is the unit of lu^redity, and a unit in any notation must 
be stable. If one describes a hypothetical unit by which to describe i)henomena 
and this unit varies, there is really no basis for description. lie is forced to 
hypothecate a second fixed unit to aid in describing the first. 

The point at issue in this connection may be explained as follows: Characters 
do vary from generation to gcuKU'ation, and the question to be decided is, how 
much of this variation is due to the recombination of factors (considered now as 
physical entities) and how much is due to change in the constitution of the 
factors themselves . . . 

“ . . . We believe there should be no hesitation in idcmtifying the hypotheti- 

cal factor unit with the physical unit factor of the g(‘rm cells. Occasional changes 
in the constitution of these factors, changes which may have great or small 
effects on the characters of the organism, do occur; l)ut their frequency is not 
such as to make necessary any change in our theory of the factor as a permanent 
entity. In this conception biology is on a par with cliemistry, for the practical 
usefulness of the conception of stability in tin; atom is not affected by the knowl- 
edge that the atoms of at least one element, radium, are breaking down rapidly 
enough to make measurement of the process possible.” 

Bibliography at end of Chapter XVIII. 
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In tlic present chapter attention will be devoted to the eytological 
as[)ects of the inheritance and determination of vsex.^ Much that is not 
cytological in nature will enter into consideration, but it is far from 
irrelevant: it has a direct bearing on the main cytological problem and 
must be included in order that the latter may be placed in its proper 
setting, and that the larger problem of sex may not be misrepresented by 
being considered only from the cytological point of view. 

From early times few essentially biological matters have been of more 
interest to man than that of the determination of sex. Until recent 
years this interest has been prompted largely by practical motives: the 
ability to control sex in man and his domesticated animals is something 
which has long been desired. Of the many early ideas entertained on the 
subject the majority were the outcome of defective generalization and 
superstitious conjecture, and may be encountered in thinly veiled form at 
ihi) present day, but a review of them all would be out of place here. The 
modern scientific interest in the problem of sex is far from being a purely 
practical one. The great bulk of recent research has been done not 
merely for the sake of the practical benefits which knowledge in this 
field might confer, but mainly in the hope that it may lead to an under- 
standing of the origin, nature, and biological significance of sex itself, 
and to a solution of some of the problems of heredity. For this reason 
studies have not been confined to man and his economically important 
animals; any animal or plant, no matter how obscure, that will yield 
evidence is exhaustively investigated, and there can be no doubt that 
knowledge gained from such studies will, if sound, be directly applicable 
to practical ends. 

Experimental Evidence for Sex-determination. — During the closing 
decades of the nineteenth century many researches were carried out in the 
hope of identifying the controlling agency in sex-determination with one 
or more of the environmental factors. The effects of light, temperature, 
moisture, and nutrition were examined, and although a number of workers 
believed their methods to be in a certain measure successful, the results 
were on the whole inconclusive. Among all the ideas put forward the 
most suggestive, in view of what has more recently been ascertained, 

> See Correns (1907), Correns and Goldschmidt (1913), Morgan (1913), Doncaster 
(1914), and the works cited at the beginning of the preceding chapter. 
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was that of Gcddes and Tliomson (1889), namely, that the two sexes 
differ primarily in the charaetcn* of their metabolism, the female sex 
being characterized by the preponderance of anabolic [)rocesscs and the 
male sex by those essentially katabolic in nature. This conception is 
important not only in connection with the question of sex control, but 
chiefly with respect to the more fundamental problem of the nature of 
sex itself. 

The long early period during which sex was looked upon as a character 
more or less under the control of the environmental factors was succeeded 
by one in which it came to b(‘ regarded as something automatically 
regulated by some mechanism or condition within the cell, and as rela- 
tively unalterable by external agencies. This comdusion, definitely 
reached by Cu^not (1899) for animals and by Strasburger (1900) for 
plants, received the support of a number of experimental researches on 
animals and dioecious plants. Some of the latter will first be mentioned. 

It was found by Blakeslee (1906) that in certain strains of a mold, 
PhycomyceSy there are produced in the germ sporangium two kinds of 
asexual spores, which give rise to ‘Spins’’ and ‘‘minus’’ mycelia respec- 
tively. The ‘^plus” (male?) mycelium later producers spores which 
develop only into “plus” mycelia and so on indefinitely, while the 
“minus” (female?) strain perpetuates only the “minus” condition: in 
both cases the sex seems to be fixed by soim^ m(a;hanism functioning at 
the time of spore formation. 

In certain dioecious mosses (l^]l. and Km. Marchal 19()(), 1907) two 
kinds of spores are produced in equal numbers in the capsule. Thosc^ of 
one kind develop into male gametophytes (bearing antheridia only) and 
those of the other kind produce female gametophyt(>s (with archegonia 
only). In no way were the Marchals able to alter the sexes of these 
plants. Furthermore, new gametophytes formed by regeneration from 
the old ones were just as rigidly fixed as to sex. Protonemata regenerated 
from the tissue of the sporophyte, however, gave rise to leafy branches 
bearing both antheridia and archegonia. Both sex potentialities were 
therefore present in the sporophytic tissue and in the diploid game- 
tophytes regenerated from it, whereas the normal haploid gametophyt('s 
produced from spores were either purely male or purely female.^ The 
gametophytes of Marchantia (Noll; Blakeslee 1900) are similarly fixed 
as to sex: if propogated repeatedly from gemmae the sex in any given line 
remains the same in spite of alterations in the environmental conditions. 
In Sphcerocarpos Douin (1909) and Strasburger (1909) were able to show 
that two spores of a single tetrad produce male gametophytes while the 
other two produce females. 

The obvious conclusion (o be drawn from the above'. (*ases is that in 
such forms a separation of the sexes takes place during sporogencsis. 

1 Diagrams of these experiments are given by Morgan (1919a, pp. 152-:i). 
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Both sexes are represented in the sporophyte (diploid) generation, as 
shown particularly by the mosses, but the spores, though morphologically 
similar, arc of two distinct kinds; male-producing and female-producing. 
Since it is precisely at sporogcnesis that reduction occurs, the natural 
inference is that a separation of qualitatively different sex-fa(;tors of some 
kind occurs in the heterotypic division, the sexes of the future gaineto- 
phytes thus being automatically determined. 

That a somewhat similar qualitative difference may exist in the 
microspores of many angiosperms, residting in the frequent dinecious 
condition of the sporophyte, was concluded by Correns (1907) from his 
researches on Bryonia hybrids. He was best able to interpret the 
phenomena observed on the hypothesis that the eggs are all similar in 
having the female sex ^‘tendency;’’ that there are two kinds of micro- 
spores and hence two kinds of male gametes, with male and female 
^‘tendencies’’ respectively; and that in the sporophyte the male tendency 
dominates the female. Darling (1909) was inclined toward a similar 
conclusion for Acer Negundo. 

Strasburger (1910) in a general discussion of the subject growing out 
of his researclu's on Elodea, Mercurialise and other f)lants, summarized 
the situation in plants as follows. In monoecious mosses the separation 
of the sexes occurs in the somatic divisions at the time the sex organs 
are formed. The separation has been secondarily joined with reduction, 
so that in the derived dimeious mosses it occurs at sporogemesis. In the 
homosporous pteridophytes it takes place at some stage in the game- 
tophyte before the formation of the sex cells, as in monoecious mosses, 
though in some cases (Eqwisetum, Onocleaj and others) a marked physio- 
logical dicecisni is lU’csent. In luderosporous pteridophytes and all 
seed plants the gametophytes are direcious but tlui sporophytes may b(^ 
either monaH*ious (hei niaphroditic) or dioecious. In moiuecious forms the 
s( 5 X('s an^ separat(Ml at some stage prior to the development of megaspores 
and microspores, whereas in dioecious forms it must take place at some 
other point in the life cycle, since the two kinds of sporophytes (mega- 
spore-b(uiring and microspore-bearing) are distinct from their initial 
stages. There is sonu^ evidence to show that such dioecism is due to a 
differentiation among the pollen grains and hence among the male 
gametes: some grains havt^ a strong male tendency which dominates the 
female tendency of the egg, male progeny resulting; while other grains 
have a weak male tendency dominated by the female tendency of the egg, 
female offspring being produced. In brief, as sex separation became 
joined with reduction in forms with monoecious gametophytes, the 
dioecism of the gametophyte and heterospory (first physiological and then 
morphological) followed; and this in turn led to the dimeism of the 
sporophyte also. Finally, in such advanced forms there appears to be a 
differentiation among the spores of one sex, the microspores, giving male 
gametes of two types. The sex of the resulting offspring therefore 



depends here upon the type of male gamete functioning, as is known 
to be the case in so many animals. It has been suggested by Allen (1919) 
that the separation of the sex-factors in dimeious seed plants may possibly 
occur in the division which differentiates the two male nuclei in the 
pollen tube, rather than at the divisions producing the microspores. 
That this interpretation cannot be applied to Mendelian factors in general 
is evidenced by the fact that in maize hybrids the embryo, with very 
rare exceptions, has been found to be like the endosperm with respea^t 
to factors introduced by the pollen parent. So far as these factors are 
concerned, therefore, the two male nuclei must be qualitatively similar. 

Strasburger’s conclusion regarding monoecious mosses is confirmed 
by the recent experiments of Collins (1919) on Funaria hygromeirica. In 
this species the gametophytes arising from spools are bisexual (monoe- 
cious), but if gametophyles are produced by n'generation from the* 
antheridia or perigonial leaves of a single ''male flower,’' they all bc'ar 
antheridia only. Collins thinks it possible' that dimeism may have 
arisen as a result of veg(*tative multiplication following such a somatic 
segregation in the tissue of the moncecious ganu'tophyte. 

In animals also there is muedi evidence, aside from that afforded by 
the chromosomes to be discussed below, in favor of the vi(‘w that sex is 
internally controlled. The following illustrative cases may be cited. 
The egg of the b(‘e may develop either parthenogcmetically or after 
fertilization by a spermatozotui: in the former case a male (drone) results 
and in the latter a female (queen or worker, d(q)(uiding on the nature of 
the food). In Phylloxera (Morgan 1906, 1908, 1909, 1910) there are two 
sizes of eggs produca'd by the females of the second parthenogenetic^ 
generation: both may develop parthenog(ui('tically after forming one 
polar body, the larger ones into females and the smaller into males. 
tY'i’tilized eggs always develop into females. In Ilydatina (WhitiK'y 
1914, 191(3, 1917) the female-producing eggs form one polar body whih^ 
the male-producing eggs form two. Two kinds of eggs are also produced 
in Dinophiliis (Malsen 1906; Nachtsheirn 1919), but in this form both 
are regularly fertilized. In the nine-banded armadillo (Newman and 
Patterson 1909, 1910) one fertiliz(Ml egg commonly gives rise to four new 
individuals, and the four are invariably all male or all female. Analogous 
instances of polyembryony are also known in insects. Human twins, 
if ^'identical” (produced by the same egg), are invariably of the same 
sex; if "fraternal” (produced by different eggs) they may or may not be 
of the same sex. It would therefore seem that sex in such cases as these 
must be determined either in the egg before fertilization or at the moment 
fertilization occurs.^ 

^ The determination of sex in the egg before fertilization, as in Phylloxera and 
Dinophiliis, is termed by llaecker “progamic” sex-differentiation; if determination 
occurs at the moment of fertilization, as in the bee, it is “syngarnic” sex-differentia- 
tion; and if it occurs after fertilization, as may possibly be the case in some forms, it 
is “epigamic” sex-differentiation. 
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Sex-Chromosomes. — The theory of the automatic determination of 
sex and its relative, if not absolute, fixity has had one of its strongest 
supports in the results of certain researches on the spermatogenesis of 
animals. In 1891 Henking noticed in certain insects that half of the 
spermatozoa contain an extra body, which he thought might be a 
nucleolus. It was subsequently shown by Paulmier (1899), Montgomery 
(1901), and de Shifty (1901) that this body is not a nucleolus but an 
extra or ''accessory'' chromosome. Henking's misinterpretation had 
apparently been due to the fact that the accessory chromosome often 
does not transform into a portion of the reticulum along with the 
other chromosomes ("autosomes"), but remains condensed and closely 
resembles a nucleolus. Half of the spermatozoa in these animals there- 
fore have one more chromosome than the others: hence the male is 
said to be "heterogametic," or ‘'digametic." It was at once suggested 
by McClung (1902) that the accessory chromosome in some way 
determines sex — that eggs fertilized by one kind of spermatozoon 
develop into females, while those fertilized by the other kind become 
males. This represents the first attempt to connect a given character 
with a particular chromosome. An extensive series of researches was 
now undertaken by Wilson, Miss Stevens, McClung, and a number of 
other cytologists, who discovered among insects many striking instances 
of the phenomenon. Accessory chromosomes (also referred to as sex- 
chromosomes, heterochromosomes, idiochromosomes, x-chromosoni('s, 
x-elements, and supernumerary chromosomes) of a numl)er of different 
types were found, not only among insects, where they are best displayed, 
but also in certain echinoderrns, nematodes, mollusks, and vertebrates, 
including birds and man. A number of representative cases will now 
be described. 

Male Heterogametic . — In the threadworm, Ascaris (Boveri) (Fig. 138)^ 
there is in each body cell and primary spermatocyte of the male a single 
heterochromosome, which seems to be attached to, or to constitute a 
portion of, one of the four autosomes. At the time of reduction this 
passes undivided to one daughter cell at the first division and divides at 
the second, so that half of the sperms only receive it. In the female there 
are two such heterochromosomes, every egg receiving one. If, now, an 
egg is fertilized by a sperm without a heterochromosome the resulting 
individual has only one (that from the egg) and develops into a male. 

^ For the sake of brevity and clearness these diagrams are drawn as if only one 
maturation mitosis occurred in spermatogenesis and oogenesis. It will be understood 
that there are two divisions, resulting in four sperms instead of the two shown, and 
in an egg and three polar bodies instead of the two eggs shown. The diagrams merely 
indicate that two sorts of sperms and one kind of egg arc produced, and how this 
is brought about. In the cases of hygcBxis and Prionid^is the number of autosomes 
shown (4) is not the actujil number present. Sec the review of the subject of sex 
chromosomes by Wilson (1911). 
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It, on tlie otlier hand, an efrg is fertilized by a sperm with a heterochroino- 
soine, the resulting individual receives two, one from each gamete, and 
this individual develops into a female. 

In Ancyracanthus (Mulsow 1912) (Fig. 138) the male has a single 
heterochromosome which, since it has no homologue with which to pair, 
passes to half the sperms, while in the female there are two such elements^ 
every egg receiving one. The two types of union result in individual.s 
of the two sexes, as in Ascaris. In Ancyracanthus Mulsow states that 
the five and six chromosomes can actually be counted in tin; living 
spernuitozoa. 



Fig. 1.38. — The behavior of the .sex-chromosoine.s in AscariH (Iloveri), AncyracanthuH 
(Mulsow, 1912), Lyaoius (Wilson, 1905), and PrioniduH (Payne, 1909). 

In Lygeeus (Wilson 1905) (Figs. 138; 139, A) there are in the male 
two heterochromosomes, one small and one large (an pair);’ in iFe 

female there are two large ones {''XX''). Half the sperms receive the 
X and half the F, and every egg has an X. Fertilization by an X sperm 
results in a female (XX), and by a F sperm in a male (XF). 

In Priomdus (Payne 19090 (Figs. 138; 139, B) the male has three 
small heterochromosomes and also a much larger one. At the time of 
reduction the three small ones behave as a unit and pair with the large 
one: half of the sperms therefore carry the former and half the latter. 
In the female there are six small heterochromosomes, and the eggs are all 
alike in having three each. Fertilization now results in females with 
six small elements and males with three small and one large. 

1 In this paper Payne gives diagrams of several other types of heterochromosomes. 
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In the fruit fly, Drosophila melanogaster (Stevens 1907 ; Morgan 191 1 ; 
Metz 1914) (Fig. 140), there are four pairs of chromosomes, including in 
the male an XY pair and in the female an XX pair. Reduction in 



Fio. 139. — Sex-chromosomes in various insects. 

A, spermatocyte of Lyucrus, showing the X-chromosomo at left and y-chromosomo 
above, both split. X 2250. {After Wilson.) B, yirophase in syiermatocy te of Prionidns, 
showing sex-chromosomes enclosed in plasmosome. X 2294. {After Payne.) C, pro- 
phase in spermatocyte of Protenor. X 2250. {After WiUon.) D, rnetaphase of hetero- 
typic mitosis in siiermatocyte of Protenor. X 2250. {After iy«7so/t.) E, anaphase of 
heterotypic mitosis in spermatocyte of Musca domestica; h, heterochromosomes. X 1500. 
{After Stevens.) F, the two daughb^r chromosome groups in the anaphase of the hetero- 
typic mitosis in the oocyte of Phraoinatohiafulwinosa, showing 28-29 distribution. X 4080. 
{After Seiler.) 


spermatogenesis gives sperms of two sorts: all contain four chromosomes, 
but in half of them one of the four is the X, and in the other half it is 
the Y. Since every egg contains an X, two kinds of union arc possible 
at fertilization: an X with a F, giving a male fly, and an X with an X, 
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jz;iving a female. In tliis ease, a typical example of tlu' A'F form of s(\\ 
inheritance, extensive researches have shown that the l'-chromosom(‘ 
carries no factors for sex; the presence of one .V-chromosorne is associated 
with maleness and that of two .Y-chromosomes with femaleness. Morgan 
(1914, 1919/;) and Morgan and bridges (1919) find that gynandromorpli- 
ism frequently appears in Drosophila females as tlu^ result of the 
elimination of one sex-chromosonH‘ in abnormal mitosis. 



Malone (191-8) reports that there are present, in tlu' spei’inatocyte of 
the dog 10 pairs of autosoiiK's and one large unpaired A"-chromosom(‘. 
Th(^ A^ passes undivided to one pole in the first mitosis and dividers in the 
second, so that half of the spermatids, and lamce spermatozoa, receive' 
an A" while half elo not. When measurements of these spermatozoa are 
plotted a bimodal curve results, showing that the chromosome elifferenea' 
is correlated with a size dimorphism. The same ce)neIition, exe^ept for 
the number ejf autosome pairs, is reported for the six)rmate)zoa e)f horse's, 
pigs, anel cattle (Wodsedalek 1913, 1914, 1920). 

In the case of man also the evidence at hand indicates a digametic 
conelition e)n the part of the male, but certain striking eliscrepancies in 
the finelings of various inve'stigators have afforeled a puzzle which up to 
the present time has not been satisfacte)rily solveel. Pdemming (1898) 
counted 24 chromosomes in the cells of the cornea, and Duesberg (1900) 
found 12 in the spermatocytes. The same numbers were found by 
Montgomery (1912). In 1910 Guyer reported that the spermatogonia 
of the negro contain 22 chromosomes; these in the spermatocyte form 10 
bivalents and two distinguishable accessories. At the first maturation 
mitosis both of the latter go to one pole and at the second mitosis both 
divide, so that half of the sperms have 10 chromosomes and half have 12; 
the two accessories in the latter case are visible as chromatin nucleoli'' 
in the resting stage. This difference in the gametes Guyer regarded as 
probably associated with sex-determination. Gutherz (1912) failed to 
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confirm ( luycn ’s r('|)ort of ji dimorphism amonjz; the sperms, thouji;!! he also 
observed th(^ aecessoric's. ( hiyca* in 1914 r(‘asserted his eonclusions of 
1912, but added that he was findinjj; a much larger chromosome number 
in the cells of the white man. 

Von Winiwarter (1912), also working upon the white man, found in 
the spermatogonia and spermatocytes 47 chromosomes, including one 
accessory. Since this accessory passes undivided to one pole in the first 
mitosis and divides in the second, half of the sperms receive 23 and half 
24 chromosomes. In the cells of the female there arc 48. From these 
data von Winiwarter logically concluded that the egg has 24 chromosomes, 
and that it develops into a male when fertilized by a sperm with 23 
chromosomes, and into a female when fertilized by one with 24. Such a 
large number is found in the white man by Evans ^ also, but he finds 48 
chi omosomes rather than 47 in the spermatogonia, indicat ing the presence 
of an V)' pair as in Drosophila. 



Fkj. 141. — Sox-chromosoincs in man. /I, primary spermatocyte, negro. li, same, 
white. C, metapha.se of heterotypie mitosis, negro. i>, interkinesis, white. XY, tht* 
.sex-chromosomes; P, i)la.smosome. {After Wieman, 1917.) 


Wienian (1917), using both negro and white material, finds 24 chromo- 
somes in the spermatogonia, two of them being distinguishable as an 
unequal XY pair which remains condensed while the autosomes form the 
reticulum (Figs. 140, 141). In the spermatocyte 12 pairs are evident, 
including the XY pair. At the first maturation mitosis the 11 autosome 
pairs separate into univalents as usual, but theX and Y divide longitud- 
inally; thus each daughter cell (secondary spermatocyte) receives 11 auto- 
somes and an XY pair. At the second mitosis the 11 autosomes divide 
longitudinally in the normal fashion and the X and Y separate. As a 
result all of the sperms receive 12 chromosomes: in half of them one of the 
12 is the X and in the other half it is the F. Although for a time it ap- 
peared that the white man had twice as many chromosomes as the negro, 
a difference ordinarily great enough to mark them as distinct species, 
Wieman shows clearly that in his material the two have the same num- 
l)er, and is inclined to regard von Winiwarter’s material as in some way 
abnormal. Sex inheritance in man is evidently of the XY type, as 
Wieman’s researches and genetic data indicate with considerable clearness; 
but why some material should plainly show twice as many chromosomes 
* Unpublished work cited by Babcock and Clausen, p. 538. 



as oth(*r iiiat('rial is aciuost ion whieli only fullin' inv(‘stij»;at ion can answc'r. 
It is not iinprobablo, liowi'vor, that asojijinontation of llu' chroinosoincs at 
points of constriction may be mainly responsible for this condition. 

In all of the cases reviewed above the male produces two sorts of 
spermatozoa differing visibly in chromatin content: in the language of 
Mendelism, the male is ^‘heterozygous for sex.’’ The female produces 
but one kind of egg; she is “homozygous for sex.” The sex of the off- 
spring is clearly dependent on the kind of spermatozoon which functions, 
and is therefore definitely correlated with the chromosome mechanism. 

Female H eterogametic. — There are also on record a number of cases, 
chiefly among moths and birds, in which the female produce's two kinds 
of eggs differing in chromosome content, while the male produces but one 
kind of spermatozoon: the female is heterozygous for sex, and therefoie 
heterogametic, while the male is homozygous, (’ertain cases of this type 
will now be reviewed. 

In the moth, Phragmatohia, Seiler (1913) has described th(' following 
condition. In the male the somatic^ number of chromosomes is 56, 
including 54 autosomes afid two Z-chromosomes^ (l^ig^- 139 F; 140). 
Each sperm receives 28 (27 + Z), In the female the somatic number 
is likewise 56, but includes a ZW pair instead of the ZZ pair of the 
male. Half the eggs receive 27 + Z and the other half 27 + Wiv (the 
IT-(*hromosome breaks temporarily into two parts during maturation). 
An egg with 28 (27 + Z) chromosomes fertilized by a sperm with 
28 (27 + Z) develops into a male moth with 56 (54 + ZZ). An egg 
with 29 (27 + Ww) chromosomes fertilized by a sperm with 28 (27 + 
Z) develops into a female moth with 57 (54 + ZWw), The W and 
IV subsequently reunite to form a single IT, both sexes then having 
the same number, 56. Since some embryos show more than the normal 
number of chromosomes Seiku’ thinks it probable that the Z-chromo- 
sorne is compound and may under certain conditions subdivide into 
smaller elements. The same investigator has recently (1919) reported 
a digametic condition in the female in two other moths, TaUeporia 
tubulosa and Funiea casta. In the former the eggs have 29 and 30 
chromosomes, and in the latter 30 and 31. 

In the moth. Abraxas grossulariata (Doncaster 1914), sex inheritance 
is apparently of the WZ type, though there is often an aberrant behavior 
on the part of the chromosomes which has not been entirely explained. 

In the common fowls Guyer (1909, 1916) has made observations which 
he interprets as follows (Fig. 140). In the male tKcre are 18 chromo- 
somes: 16 autosomes and two accessories. Both of the latter go to one 
pole in the first maturation mitosis, and in the second mitosis they sepa- 

* It is customary to refer to the sex-chronio.somes in species with sexually hotero- 
zygous females as W and Z, instead of Y and X as in the more common sexually 
heterozygous males. 
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rate. Half the spermatids, and therefore sperms, receive nine chroino- 
som(‘s (8 + 1 accessory), while the otlier spermatids failing to receive an 
accessory api)arently de^(nierat(-. In tlie iemalc tlun’Ci are 17 chiomo- 
somes: 16 autosoim's and one accessory, bim^e the accessory passes 
undivided to one pole at the first maturation mitosis and divides at the 
second, half of the eggs receive nine chromosomes (8 + 1 accessory) and 
half receive eight. An egg with nine fertilized by a sperm with nine 
develops into a male with 18 (16 + 2 accessories). An ('gg with eight 
fertilized by a sperm with 9 develops into a female with 17 (16 + 1 
accessory) . 

Cases of Parthefiogenesis. —The cytological phenomena in those animals 
reproducing in part by parthenogenesis (se(‘ p. 357) are of much intcuTst 
in this connection. In the honey bee the male, which develops from 
an unfertilized egg, has the haploid number of chromosomes in his cells, 
whereas the female, arising from a fertilized egg, is diploid. Similar in 
some respects is the case of the gull-fly (Neuroterus), in which eggs that 
have undergone n'duction develop into haploid males, whil(> other eggs 
are formed without reduction and develop into diploid iemah's. In the 
mjd('-prodiicing eggs of Phylloxera there are two sex-chromosonK's, two 
oth(‘rs being lost in the polar body; in the femahvproducdng egg all four 
are present. Two kinds of sperms an^ produced, half of tlunn with a 
s('x-chromosome and half of them without it. The' latter kind degen- 
erate, leaving only the former functional. All eggs, if fert ilized, develop 
into females. In Hydatma senta those eggs ])r()ducing oiu' polar body 
and developing into females are diploid, whereas those' giving oft two 
polar bodies and developing into males are haploid. In all of these 
cases maleness accompanies the haploid, and temaleness the diploid 
condition’. 

Plants.— Up to the present time a visible chromosome difference 
betwc'en the two sexes in plants has been establislu'd only in Sphwro- 
carpos, th(' genus of dioecious liverworts in whi(*h Douin (1909) and Stras- 
burger (1909) found two of the spores of a single tetrad to be male and the 
other two female. In Sph(erocarpos Donnellii (AH^^n 1917, 1919) (Figs. 
142, 143) there are in the cells of the female gametophyte seven autosomes 
which ditfer somewhat in length, and one very large X-chromosome. In 
tlu' cells of the male gametophyte there are seven autosomes and a very 
small y-chromosome. The sporophyte therefore has eight pairs: seven 
autosome pairs and the X Y pair. Although all the stages in the divisions 
at sporogenesis have not been seen, the evidence is sufficient to show that 
the X and Y separate in the heterotypic mitosis and divide longitudinally 
in the homoeotypic. Two spores of a tetrad therefore receive an X- 
chromosome in addition to the seven autosomes; these spores develop 
into female gametophytes. The other two spores of the tetrad receive 

1 Compare the case of the frogs developing by artificial parthenogenesis, page 319. 
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the Y in place of the .Y and develop into male gainetopliyt('s. "Flie same 
condition has been reported for Sph(vrocarpos tc.vanus (Miss Schacke 
1919). 

Although the situation in S pharocarpos suggests the A’ Y t y])e of sex 
inheritance in Drosophila and other forms, it differs in sevcaal respects, 



Fkj. 142, "I'lio history of Uio chroinosoinos in tho lifo cyclo of Sjjhdroair/xts. (A/trr 
(lain of (\ E. AUon, 1<U7, 1919.) 

as Allen (1919) points out. In Sphwrocarpos the separation of the XY 
pair results in the production of two kinds of spor(\s which develop directly 
into haploid organisms (gamedophytes) of two sexes, whereas in Droso- 
phila the corresponding separation results in t wo sorts of male gamet(‘s 
which determine the sexes of the 
diploid organisms developing from 
the eggs they fertilize. Furthermore, 
in animals with sex-chromosomes some 
forms show the presence of XX to be 
correlated with femaleness and X or 
A" F with maleness (male heterozygous Fkj. 143 . (’hromosomo Kroui)s from 
for sex), while in other forms XX female gametophyto (oils of 

'1 1 pharocarpos Donncllri. {After (\ E. 

IS correlated with maleness and X Alien, 1919.) 

or XY with femaleness (female 

heterozygous for sex^- There is evidence to show that the )^-chromo- 
some carries no sex-factors in these cases, though its absence may result 
in sterility (Bridges). (See Chapter XVII.) In Sphfcrocarpos^ on the 

1 Sex-chromosomes referred to in this case as Z and W ratlu'r tlian A' and Y. 

2 g 00 in this connection Castle 1921. 
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other hniid, th(‘ [)re.sen(*e of X is correlated with feinaleness, Y with 
inaleness, and ,XY with the non-sexual condition of the sporophytc. 
Here the Y is appanmtly as important as the X in the transmission of 
sex-factors. Allen suggests that secondary sexual differences of the 
gametophytes, such as size, may be connected with the relative amounts 
of chromatin in the nuclei: the female gametophyte, having the large 
X-chromosome and therefore a distinctly greater mass of chromatin, 
develops more rapidly and becomes much larger than the male gameto- 
phyte with its small F-chromosorne. The primary sexual differences 
he regards as due to other factors. 

Although Sphwrocarpos affords the only known example of hetero- 
ehromosorncs in plants it is not improbable that other cases will be 
discovered. 

(-oncluHion. — In all of the organisms included in the foregoing review 
the individuals of the two sexes differ visibly in their chromosome com- 
plements. Moreover, in most of them the sexual differences are definitely 
correlated with special distinguishable chromosomes, which are accord- 
ingly known as sex-chromosomes. The distribution of these bodies at 
the time of reduction results in the production of two kinds of male 
gametes or two kinds of female gametes, and in at least one case two 
kinds of spores. In all of these the chromosome differentiation in the 
cells correponds to the sexual differentiation of the organisms into which 
(hey develop. The conclusion appears unavoidable that the differentia- 
iion of the sexes is here determined by a cell mechanism, and that the hetero- 
chromosomes have a definite causal relationship with sex. How close this 
relationship may be, and to what degree it is a fixed one, are as yet by no 
means clear, but it is beyond question that the heterochromosomes are 
not the sole determining cause of sex, as some workers have hastily 
concluded. To this question we shall subsequently return. 

Sex -chromosomes and Mendelism. — The heterochromosome phe- 
nomena are intimately bound up with the whole matter of Mendelian 
inheritance. According to the Mendelian interpretation the sexes are 
•due, like other heritable characters, to factors carried by the chromo- 
somes — by the heterochromosomes where these are present. The ap- 
proximate I : 1 ratio of the sexes in most organisms is accounted for in 
the following manner. Referring to our typical Mendelian pair of charac- 
ters in the pea, tall and dwarf, it is found that when a plant heterozygous 
for tallness (Tt) is crossed with a pure recessive (tt) the resulting off- 
spring are half tall (Tt) like one parent and half dwarf (tt) like the other, 
a 1 : 1 ratio. If it is assumed in a similar manner that there is a pair of 
factors for sex, one sex (the male, Correns; the female, Bateson) being 
heterozygous and the other a homozygous recessive, a 1 : 1 ratio of the 
sexes results. 

Largely because of the observed behavior of sex-chromosomes the 



Meiideliaii intorpretation has l>oen rostated as follows. Then' is a singh' 
factor for sex. In sonic organisms the presence of two of those factors 
is correlated with femaleness and one with maleness (Fig. 144, A): the 
male, having only one sex-factor (*S), is heterozygous and produces 
gametes of two kinds, with and without the factor; the female, having two 
sex-factors, is homozygous and produces eggs of one kind, with one sex- 
factor each. Two types of union are here possible, giving males and 
females with one and two sex-factors respectively. This interpndation 
is directly applicable to those cases in which the male has one sex-chromo- 
some and the female two {AncijracanthuSy Ascaris), and also to those 
having an XT pair in the male and an XX pair in the female (Dro.so- 
phila, Lygeeus), Each sex-factor is thus thought to be located in an A"- 



chromosomc. In other organisms (moths and birds) these conditions 
are reversed (Fig. 144, C), the presence of two sex-factors being correlated 
with maleness and one with femaleness. The female is thus heterozygous 
and produces eggs of two kinds, with and without the factor. In the 
next generation the male receives two sex-factors (in the Z-chromosomes 
of the egg and sperm) and the female one (in the Z-chromosomc of the 
sperm; the IF-chromosome of the egg carries no sex-factors). In view of 
these two contrasted conditions as regards the quantitative relationshi[) 
between factors and sex, it is probable that the sex-factors carried by iho 
X-chromosomes are in some manner different from those in the Z-chromo- 
sornes. It has been suggested that in some cases (Fig. 144, B) the male 
may have no sex-factors at all, the heterozygous female thus having one 
more sex-factor than the male, as in the homozygous females of Fig. 
144, A, 

Experimental Alteration of the Sex Ratio. — Although most organisms 
approximate closely the 1 : 1 sex ratio called for on the basis of th(' 
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Mcndelian theory of sex, constant deviations from this ratio are fre- 
quently found. Still more significant is the fact that in many cases the 
ratio can be markedly altered by changing the environmental condi- 
tions. Thus R. Ilertwig (1906, 1912) and Kuschakewitsch (1910) found 
that if the eggs of the frog are allowed to become over-ripe before 
fertilization, in which case they take up an abnormal amount of water, 
the resulting individuals show an \inusually high percentage (even 100 
per cent) of males. Conversely, Miss King (1907-1912) lowered the 
water content of toad eggs, and with a mortality of only a little over 6 
per cent obtained 80 per cent females. 

In Dinojihilus, as already noted, there are two kinds of eggs laid: 
large ones developing into females and small ones developing into males. 
Malsen (1906) found that by altering the temperature the relative pro- 
portion of the two sexes could be changed, but this effect was brought 
about through an influence on the laying of the eggs: both kinds were 
produced as usual, but the laying of one kind was hindered. 

The rotifer, Hydatina senta (Whitney 1914, 1916), if scantily fed on 
Polyloma, continues to produce generations of parthenogenetic females, 
but when copiously fed on Euglena females appear which lay male-pro- 
ducing eggs, and sexual reproduction then occurs. According to Shull 
and Ladoff (1916) the percentage of males is here correlated with th(‘ 
supply of oxygen which counteracts certain agencies (accumulated 
substances in the water) tending to decrease male production. Whitney 
(1919), however, contends that oxygen is not a factor affecting sex in 
Hydatina. 

In interpreting such results as these considerable care should be 
exercised in distinguishing an actual determination of the sex of an 
individual from a number of other phenomena which, though they may 
appear like sex-determination, are not to be regarded as such in the 
stri(d sense. In many cases in which changed environmental factors 
have been shown to have an influence on the sex ratio it is clear that the 
results are not due to an actual reversal or determination of the sex in 
any individual, but rather to the fact that the new conditions imposed 
have caused a greater mortality among the eggs or embryos of one sex, so 
that those of the other sex preponderate. Although the ratio of the sexes 
may here be subject to an experimental control, the sex of no given 
individual is actually determined or altered. 

Indirect control of another type is seen in organisms whose sex is 
dependent upon the form of reproduction (zygogenetic or partheno- 
genetic). Environmental conditions may in such cases influence the form 
of reproduction resorted to, and therefore the sex of the animals resulting; 
but the sex of no individual, once started, is altered. Morgan points out 
that the change of diet in Hydatina, instead of altering sex directly, 
induces the formation of a new type of female which may either function 
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t^exiially or produce eggs which develop parthenogenetically into 
males. 

Another case in point is that of Dinophilns, in which abnormal temper- 
tiire conditions prevent the laying and development of eggs from which 
the individuals of one sex normally arise. As Thomson (1913, p. 502) 
lemarks, “ . . .if nutritive and other environmental influences an' 
operative, it is, in the main, by alTecting the production and survival of 
sexually-j)redestincd germ cells.” 

A clear case of sex-determination in tlu' strict s('nse would be one in 
which a given partln'iiogenetic (‘gg, f(*rtilized ('gg, spore, or young individ- 
ual, in a unisexual organism, could l)e made to develop at will into eitlu'i* 
sex;or in which suchan organism, already showing the essemtial characters 
of one sex, (;ould be made to dev('lop into the otlu'r sex (sex-reversal), 
hjvidence that in certain cases such a detc'rmination or reversal can 
actually be a(*complished has had mu(‘h to do with the develo[)ment of 
r(‘c('nt metabolic theories of s('x. 

Metabolic Theories of Sex — Anitnal .^. — According to th(^ m('tal)olic 
theories of sex, the difference between th(' two s(?x(‘s is primarily one of 
metabolism, the diffenmee bc'ing not luicessarily in the kind of metabolic 
processes, as (leddes and Thomson thought, but more probably in their 
rate or level. One of the most prominent exf)onents of this type of 
theory is Riddle (1912, etc.), who has (continued the important n^searclu^s 
on pigeons begun by Whitman many years ago. At each laying tlu'se 
birds produce a pair, or clutch, of eggs. Under normal conditions the 
first egg laid develops into a mah^ and the s('cond into a female. By a 
careful analysis of a large number of eggs Riddle has been ah\ii to show 
that the yolk of th(' first egg is the smaller, and has the smaller amount of 
storage material (fats and phosphorus-bearing compounds), tlu^ higlun* 
water content, and the higher oxidizing capacity, or higher metabolism. 
The second or female-producing egg therefore differs in having a largc'r 
yolk, more storage material, less water, and a lower metabolism. The 
chromosomes of the pigeon are not accurately known, but it is probable, 
as indicated by the behavior of the sex-linked factors (see next chapter), 
that the WZ type of sex-chromosome differentiation found in other birds 
is present here. Whatever their cytological differences may be, the two 
sexes are characterized in the egg stage by different levels of metabolism, the 
male having the higher level and the female the lower; and this differencti has 
been shown (as indicated by the metabolism of the blood) to persist into 
the adult stage. 

The seasonal change in the amount of storage, and consequently in the 
level of metabolism, is definitely correlated with the percentage of a 
given sex and the degree of its manifestation. As the season advances 
both eggs of the clutch store more energy-containing materials, and the 
birds developing from the second (female-producing) egg, while often 
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quite “masculine” in their secondary sex characters early in the season, 
become increasingly “feminine ” toward the end of the season. Moreover, 
the total percentage of females increases. By influencing storage, water 
content, and the general metabolic condition of these eggs Riddle has 
been able to induce experimentally an actual reversal of their natural sex 
tendencies. Hence he concludes that sex is a (piantitative, modifiable, 
and “fluid” character; the two sexes do not represent two qualitatively 
distinct, mutually exclusive properties, but are rather two conditions of 
one general property— two levels in a continuous scries of metabolic 
states passing gradually one into another. Accordingly, if the two levels 
normally maintained can be sufficiently altered a series of intergrades 
between the two sexes and an alteration of the sex itself should be possible, 
and this Riddle has apparently accomplished. 

On the basis of this metabolic theory of sex Riddle interprets the 
results obtained by Miss King with toad eggs, by Hertwig with thosc^ of 
the frog, by Whitney and Shull with rotifers, and by other investigators 
to be mentioned below. The correlation of high and low water contend 
with maleness and femalencss respectively in toads and frogs, and that of 
change of food and increased oxygen supply with maleiiess in rotifers, are 
held to be in harmony with similar correlations which have been shown to 
exist in pigeons. 

The theory that sex is a (piantitative, reversible state closely asso- 
ciated with metabolic (‘onditions is strongly supported by the researches of 
Goldschmidt (I916a6, 1917), Banta (1916), and Lillie (1917). In the 
gypsy moth, Lymantria dispar^ which is cytologically heterogametic, 
Goldschmidt has been able to induce experimentally a large series of “sex 
intergrades ” between the male and female conditions. It appears that an 
individual of either sex, after beginning its development, may be made to 
develop the characters of the other sex partially or completely, the degree 
of alteration depending upon the time at which the change vsets in. Gold- 
schmidt concludes that normal individuals of both sexes must have both 
sex capabilities, the sex manifested depending upon the relative strength 
with which they are caused to act by certain conditions. He thinks it prob- 
able that the hereditary characters have their material basis in enzymes 
or substances of a similar nature, those associated with femaleness and 
maleness being termed “ gynase ” and “ andrase ” respectively. Although 
for a time he interpreted the behavior of the sexes in Lymantria on the basis 
of Mendelian factors, he is now inclined to view this form of explanation 
as inadequate. The chromosome behavior in these moths is not well 
known, but breeding experiments with an intersexual female functioning 
as a male show the results which would be expected on the assumption 
that she had the ITZ-chromosome constitution. This would mean that 
the moth in question had had its sex reversed without any visible 
change in its chromosome complement, but this intrepretation awaits 
cytological confirmation. 



In tlio phyllopod crustacean, Simocephalus vetulus^ Baiiia (1916) finds 
that under certain experimental conditions'^. . . the same individual, 
even the same sex gland, may develop eggs and sperms at the same time or 
sperms at one time and eggs at another time.’^ Banta looks upon sex 
as not a fixed or definite state but rather ^‘a purely relative thing” 
dependent upon the general physiological state of the organism which in 
turn is under the influence of environmental factors. He also reports 
sex intergrades in Daphnia longispina (1918). 

Lillie (1917a6c), as the result of a study of twins in cattle, conchuh's 
that ?sGX-determmatw^ in mammals is zygotic, but it does not imply an 
irreversible tendency to the indi(‘ated sex-differentiation. Intensification 
of the male factors of the fennale zygote from tlie time of onset of sexual 
differentiation by action of sex hormones may bring about very exten- 
sive reversal of the indicated sex-differentiation” (1917c). 

Intersexes have reccmtly been descrilx'd in Drosophila simulans by 
Sturtevant (1920). All the intersexual fli(‘s are modified females and 
show the same grade of intersexuality. Sturtevant believes the condition 
to be due to the action of a mutant gen(\ If this interpretation is 
applied generally to the plnmomenon of intersexuality it is evident 
that certain genes at lenst are modifiable by environmental conditions, 
for the reason that sinfli conditions so oft('n (^voke the intei*s(‘xual state. 

A very striking instance' of the control exercised by environmental 
factors ov('r the sex of a given individual is found in BoneUia (Baltzc'i* 
1914). In this gephyrean worm the male is very small and degerKTate, 
and lives parasitically upon the long probos(*is and in the nephridium 
of the much larger female. If young individuals are kept in an aciuarium 
by themselves they develop into females, but if they are placed with 
mature females they settle upon the probosces of the latter and develop 
into males. By allowing them to remain on the probosces for varying 
lengths of time Baltzer was able to obtain many intergrades between the 
typical male and female conditions. It is plain that the proboscis 
exercises an influence over the sex of the young animal, but whether this 
is through a secretion or some other agency is not known. 

A somewhat similar case is that of Crepidula plana, described by 
Gould (1917). This mollusk is hermaphroditic but completely protan- 
dric, i.e,, the male and female phases are entirely separate in time, the 
former developing first. The development of the male phase is dependent 
upon the presence of a larger individual (not necessarily a female) oj the 
same species. If a male is removed from the neighborhood of a larger 
individual the male organs degenerate, and after a period of sexual 
inactivity the animal becomes a female. The nature of the stimulus 
exerted by the larger individual has not been ascertained. 

Plants . — Experiments of a corresponding nature on sex modification 
in plants are on the whole less conclusive than those on animals, for the 
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reason that many of them have been carried out with angiosperins, in 
which hermaphroditism is so common and which are regarded by some 
botanists as all potentially bisexual. As a case illustrating the latter 
point may be cited the hemp plant, Cannabis saliva. This species is 
normally unisexual, but if the flowers are removed it will produce flowers 
of the other sex (Pritchard 1916). 

Intersexes of many grades between the normal plants in dicccious 
angiosperins are frequently found, as in IHyvica (lals (Davey and C^ibson 
1917), Cannabis saliva, Salix amygdaloides, and Morns alba (Schaffner 
1919oh), whereas the relative proportions of maleness and femaleness in 
herinaphrotlitic forms are apparently very easily influenced by the 
environment. In Planlago lanccolala (Bartlett 1911, Coiiens 1908, 
Stout 1919) the stamens and pollen are developed in various degrees in 
different flowers, or even in the same flower; in some cases they are only 
rudimentary, leaving the flowers functionally female. Stout inclines 
to the view that dicecism results from the suppression of fernalencss or 
inaleness in organisms originally moncecious, and points out that the 
many “degrees of maleness” in Flanlago fill the gap completely in this 
case. He accordingly concludes, in agreement with Riddle, Banta, 
and Goldschmidt, that sex is a labile, reversible character; that maleness 
and femaleness, both present in the somatic cells of all sporophytic 
individuals, are relative and not absohite conditions; and that “sex- 
determination, at least in hermaphrodites, is fundamentally a phe- 
nomenon of somatic differentiation that is ultimately associated with 
processes of growth, development, and interaction of t issues, and subject 
to modification or even complete determination by them. The sex- 
chromosome theory is held to be inadeijuate in the case of hermaphro- 
dites: sex is an “epigenetic,” not a “preformed” character. 

Yampolsky (1919, 1920) thinks it probable that male and female 
gametes with graded potencies are produced in Mcrcmialis annua, and 
that the sexes cannot be due to a segregation of sex-factors' at reduction. 

The sex of the haploid phase (gametophyte) of the plant life cycle, 
when this phase is unisexual (dioecious), behaves as a much more nearly 
irreversible character, as shown by the experiments on mosses, Marchanlia, 
and Phycomyces cited early in the present chapter. How widely this holds 
true in thallophytes and bryophytes is not known. Allen regards 
the (}uantitative theory of sex as quite inapplicable to the case of 
Syhccrocaryos. In the homosporous pteridophytes the gametophytes arc 
commonly monoecious, and the fact that here, as in many liverworts, 
the male organs appear early and the female organs later suggests a 
physiological basis of sex-determination. Some fern gametophytes, on 
the contrary, are dioecious under all ordinary conditions. In Onocleu 
(Wuist 1913), such a normally dioecious form, the female gametophytes 
under certain experimental conditions produced anthcridia in addition 
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to their archegonia, but the inah^ gainctophytes could not be made to 
develop archegonia. In Osmnnda regalis japonica and Asplenium 7 iidus, 
which are mona'cious, Nagai (1915) found that the concentration of th(‘ 
Knopfs nutrient solution used has a controlling influence over the kind 
of sex organ appearing, the number of antheridia in gemeral decreasing 
with the concentration. 

These results, taken together with th(‘ fact that many ganudophytes, 
(‘specially those of homosporous pteridophytes, are monmeious, show that 
the capabilities of both sexes can b(i present in the haploid nucleus, as 
Strasburger thought, although in many forms the visibly developed sexes 
may be aut(nnati(*ally determined by som(‘ cell me(dianism. 

General Discussion. -We have now r('view(‘d some of the evidences 
which have led to two general theories of s(‘x and its det(‘rmination. One 
theory represents an attempt to account for the phenomena in qiu'stion 
on the basis of a morphological cell mechanism wher(‘by Mendelian or 
other factors are distributed in a definite and fixed manner, whereas on 
the other theory it is held that they are the results of a physiological 
differentiation manif(\sting itself chi(‘fiy in alterable levels of metabolism. 
Although these two conceptions may appear to be mutually exclusive 
if expressed in too uncompromising a form, both must contain elements 
of truth. It is beyond (piestion that the two manifestations of sexual 
differentiation, the physiological and the morphological, are both of 
importam^e and cannot be ultimately iireconcilable: our task is to 
determine their rc'lative significance and to discover the nature and 
degree of their mutual interdependemK*. It seems cl(‘ar that the digam- 
etic condition when present in dicrcious forms does regulate the ratio 
of the sexes: under all ordinary circumstances the sex of the individual 
is here dependent upon the kind of gamete winch gives rise to it (or the 
kind of spore in the case of certain gametophytes). But it is to be 
emphasized that the dimorphism shown by such gametes or spores is not 
entirely a morphological one, or even mainly so: in many cas(is no morpho- 
logical difference can be detected although the two are clearly different in 
physiological behavior, as shown by the spores of Phycomijces and 
certain bryophytes. It is generally inferred that here a structural 
difference, although invisible, is nevertheless present. 

In this connection it may be recalled that the differences between the 
male and female gametes, irrespective of any differentiation which may be 
present among those of either kind, are both physiological and morpho- 
logical. The primary characters of sex are those possessed by the 
gametes themselves, and the principal distinction between the male and 
female gametes seems to' be a physiological one which is manifested in 
their mutual attraction and fusion. Any visible morphological differ- 
entiations that they may possess are to be regarded as secondary adapta- 
tions to unlike functions, because of the fact that in many of the lower 



INTRODUCTION TO (^YTOLOCY 


:i74 

organisms there is no (liscernible structural difference between tlui 
male and female gametes, and further ])e(*ause structural differences 
may be annulled in certain instances (some gregarines). Any material 
differences present in visibly similar gametes are more probably chemical 
in nature, the structural difference being of a molecular order. Indeed, 
there is probably no physiological difference without a structural differ- 
ence of this sort. If the term structure be extended to include molecular 
constitution the discussion over the relative priority of structural and 
physiological differentiation becomes futile, for at this level the two are 
aspects of one and the same change. It is only when we restrict the term 
structure to the grosser, visible features that we can sf)cak of physiological 
differentiation as preceding alteration in structure. Ultimately structural 
and functional changes are indistinguishable. Just as in the gametes 
of the two sexes, so also in the unisexual individuals which the gametes 
l)roduce there may be striking difference's of both morphological and 
physiological natures; but if we use the term morphological only with 
lefference to visible features th(» primary distinction between the sexes 
in organisms of all grades is apparently one of physiological state, this 
distinction and its result (sexual reproduction) being of the greatest 
biological importance. 

Taking into consideration all organisms, low and high, it seems 
probable that any dimorphism among the gametes of one sex or the other 
has in some way been developcul in connection with the maintenance of 
the above mentioned difference in physiological state in organisms of a 
certain level of advancement. Different organisms show all degrees in 
the differentiation among the gametes of one sex: some are marked by an 
absence of any visible difference cither in the gametes or in the her- 
maphroditic individuals produced; in others the gametes (of one sex) arc 
visibly similar but result in male and female individuals in regular ratio; 
and finally there are those in which the gametes are of two kinds both 
physiologically and morphologically, the two kinds controlling the pro- 
duction of individuals of the two sexes. It is in organisms of the last type 
especially that the question of sex-determination finds the adherents of 
the chromosome-Mendelian theory and those of the metabolic theory 
in disagreement. Is the sex of the individual inevitably dependent 
upon the type of gamete functioning (usually the kind of sperm fer- 
tilizing the egg), or is it possible to overcome the effect which the 
chromosome mechanism may have by influencing sufficiently the 
metabolism of the organism? If the sex of an individual is so changed, 
does the chromosome mechanism undergo a corresponding alteration? 

Those who have developed the chromosome-Mendelian theory have 
perhaps too often held that the two sexual states, maleness and female- 
ness, are in their ultimate analysis mutually exclusive — that they are two 
fundamental and qualitatively different alternative characters depending 
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uiiaUcnil.ly upon unit, fux’tois. Tin; lu-roditniy factors gciies arc 
usually rcgardecl by geneticists as uninodifiable exce|)t by sinlden muta- 
tions. tailuio to ilistinguish Ijctween the modification of genes and tin* 
modification of the interaction of genes during ontogenesis has h'd many 
to the view that the sex of the individual must be rigidly fixed at f(M'tiliza- 
tion in digametic and diiecious forms, or at reduction in the ca.se of dice- 
cious gametophytes like those of Bphn'rocarpos. It is very difficult (o 
reconcile any inflexible theory of this nature with the great diversity of 
situations known without resorting to hypotheses of somatic segirgation 
of factors, alterations in dominance', and other assumptions not well 
supported by observational evidence'. Such eliffie'ulties iire' ene'emnte're'el 
111 the common hermaphreielitic cemelition of gametophytes, which are' 
haploid; in the possiliility of e'iuising the elevelopment eif the seconel 
sex 111 gametophytes normally uni.se'xual {Onoclea)-, anel especially in tlu' 
numerous case's of sex intergraeles, in which it is pei.ssible neit only to con- 
trol the' relative amounts of maleness anel femaleness in hermaphroelif ie- 
lorms, but also to prexluce all intermeeliate graeh's be'twe'en male' anel 
female individuals, anel furt hei niore to reeverse the .sex in unisexual forms, 
even in certain species with .sex-chrennosomes (meiths anel preibablv 
pigeons). 

If, in accordance with the ideas of many biologists, sex is he'lel to 
be a quantitative, “fluid” character a.s,se)ciateel with a continuous serie's 
eif physioleigical states which may pass into eine another, the way is eipen 
for the explanation em a commeni basis of all casees eif hermaphroelitism in 
both haploid and diploid inelividuals, eif sex intergraeles, and eif the experi- 
mental modification of .sex. At the same time' the influence of the se'x- 
chromosomes or even of smaller factors within them may he alloweel. 
As Riddle ( 1917 ) states, organisms have hael the preiblem of produe'ing 
germs of two metabeilic levels, anel in some erases this has h'el to the; 
establLshmcnt in the two sexe-s of two amounts of ediromatin or eve'ii of two 
ehffcrent chromosome complements. The se.x-chromosomes, or units 
contained within them, act with others in the maintenance of two 
diverse levels of metabolism in the gametes and in the offspring, and with 
these levels are correlated the two conditions which we distinguish as 
male and female. Even if the sexes in such cases do not differ in the 
quality of their chromatin, they at least differ quantitatively in this 
respect, in agreement with the theory that .sex is a quantitative characti'r. 
The chromosome difference being only one factor in a complex system 
producing the two sexual states, and no single element in this system 
being the sole determiner of sox, it is not impo.ssible that the effect of this 
one factor should be annulled by sufficiently altering the other factors 
and thus modifying the action of the factorial system as a whole. The 
same is to be said of other characters also. What an organism inherits 
IS not simply this or that character or sex, but rather a tendency to 
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develop a definite' ^roup of eJmraetc'rs, including a paiiieudar sex, under 
a j»;iven set of (‘iivironnu^ital eondiiions. 

In those organisms possessing hedc'roehroinosoines the sex of the 
individual under ordinary circumstances is dependent upon the kind 
of sperm (or, in some cases, the kind of egfi;) functioning at fertilization, 
and does not change thereafter. Furthermore, it apparently cannot be 
changed by many methods commonly supposed to be efficacious in this 
respect. So far the chromosome theory is valid; but it docs not follow 
from this that the sex which is characterized by a certain physiological 
state and is correlated with a certain type of chromosome complement 
and a variety of secondary sexual characters, is so firmly fixed that it 
cannot be altered by any extraordinary means. The metabolic state, 
even though its regulation may be accomplished in part through a visible 
mechanism, is the resultant of a complex series of reactions which may bo 
interfered with at many points. In some cases this metabolic state has 
been artificially altered to a degree sufficient to bring about an actual 
reversal of the sex. It is admitted that other heritable characters de- 
finitely associated with constant genes are greatly modified in the manner 
and degree of their expression by environmental influences, and the 
evidence now at hand indicates that no exception to this rule can be made 
in the case of sex. 

In criticizing the resultsand interpretations of Riddle, Morgan (1919a) 
points out that the behavior of a certain sex-linked character worked out 
by Strong (1912) indicates that the females which were ‘'changed into 
males’^ have the male chromosome complement, and that sex is as much 
a matter of chromosomes here as elsewhere. lie declares further that 
there is as yet no known case in which the sex determined by a chromo- 
some mechanism has been changed by other agencies in spite of the 
chromosome arrangement. The (evidence here points to the conchision 
that when an alteration of the sex is induced, this does not occur with- 
out a corresponding alteration in the chromosome mechanism. In Droso- 
phila, however, Sturtevant (1920) finds that the intersexes observed by 
him are modified females with the usual two X-chromosomes. Here, 
therefore, certain male characters at least are present in an organism with 
the female chromosome complement. 

The number of instances of change of sex in forms normally controlled 
by a chromosome mechanism will probably increase as the nature of 
sexual differentiation becomes more fully known and as experimental 
technique improves; but it is also probable that in animals the sex of 
which we arc most desirous of controlling, practical difficulties may pre- 
vent the attainment of satisfactory results. Slight differences in the 
responses of the two kinds of male gametes (or female gametes) might 
conceivably make possible a control over the kind functioning, but it 
seems more probable that the sex of the individual will be found to be 
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more (‘asily iiiHuoiiced, if at all, aft(M* fertilization. But il is (luito un- 
known whether or not an individual whieh liad undergone a reversal of 
sex would be as successful biologically as a normal one. Unusual fea- 
tures may be expected in a sexually functional organism with the chromo- 
some complement normally accompanying the other sex, if such an 
organism should be found; but such interesting questions can only be 
answered by the facts yielded l)y further research. 

All questions of sex control are s(H*ondary to the main problem of the 
ultimate nature of sex, a problem which reveals itself with increasing 
clearness as primarily a physiological one. The question of the origin 
and significance of sex is one which lies outside the scope of this work. 

Bibliography at end of Chapter XVTII. 
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LINKAGE 

In Chaptor XV attention was directed to the remarkable parallelism 
which exists between the distribution of the Mendelian characters and 
that of the chromosomes. A vast number of breeding (experiments with 
both plants and animals hav(^ sh(3wn that new combinations of characters 
arc formed at the tinue of fertilization, when two i)ar{ental sets of chromo- 
sonu^s are brought tog(ether, and that a sc^gregation of characters occurs 
at the time of reduedion, when the chromos(3ni(es are sorted out into two 
groups. Moreover, the distril)ution of a single allelomorphic pair of 
M(end(dian characters parallels i)recis(ely that of a single homologous pair 
ot chromosomes. These facts indicate clearly that (‘hromosomes and 
characters arc in some manner causally related, dliis conclusion is 
strongly supported by the cytological aspects of sex inheritance, maleness 
and fenialeness in a large number of reported cases being definitely corre- 
lated with the activity of certain distinguishable chromosomes. 

It has also been pointed out that the hypothesis upon which thc'se 
[)henomena are generally interpreted is that the characters arc repre- 
semted in the chromosomes by material facd.ors, or genes, which in some 
way control the development of characters in the individual. Since, now, 
an organism usually has many more Mendelian (diaractcr pairs than it has 
(•hromosome pairs, one pair of chromosomes must as a rule carry genes 
for more than one pair of characters. Furth(nmorc, the different pairs 
of chromosomes are entirely independent of one another in distribution. 
It would therefore follow that if two allelomorphic character pairs have 
their genes located in different chromosome pairs, they will be quite 
independent of each other in their inheritance through a series of genera- 
tions; whereas, if their genes are located in the same pair of chromo- 
somes, they will be inherited together. The latter condition — the 
persistent association of characters beh^nging to different allelomorphic 
pairs through a series of generations — actually exists and is known as 
linkage. 

The phenomenon of linkage was discovered in 1906 by Bateson and 
Punnett in the sweet pea. Th(iy found flower color to be linked with the 
shape of the pollen grain: purple flowers nearly always had long grains, 
while red flowers had round grains. The possible relationship between 
linkage and the chromosome hypothesis was pointed out by Lock in the 
same year. Linkage relations have since been worked out in a consider- 
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iiiiiiil)or ol plaiiis mikI aiiinuils, aiul ar(‘ (‘sprcially \v(‘ll kiiowa in 
the ease of the truit fly, Drosophila ineUuuHjastvr^ owing to tlu' (‘xhaiistive 
researches of Morgan and his eowork('rs. 

A Typical Case of Linkage. — As a typical example may l)e takem tlu^ 
following case of linkage in Drosophila (Fig. 145). A male fly with white 
eyes and yellow ])ody is mated to a hmiale with red eyes and gray laxly. 



Fig. 145. — Linkage in Drosophila. Red eyes in black; gray ))odies stippled; white eyes 

and yellow bodies unshaded. 

The flies of the Fx generation all have red eyes and gray bodies, since red 
is dominant over its allelomorph white, and gray is dominant over its 
allelomorph yellow. If, '"now, the females of this generation are “back- 
crossed'^ to males with both of the recessive characters,' white and yellow, 

1 This back-crossing to the pure recessive is the common method of hasting the 
genotypic constitution of liybrids. 
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flies of four types appear in the next geneiation, jxs shown in the dia- 
gram: white-yellow, white-gray, red-yellow, and led-gray. Since one 
parent in this last cross is a double recessive, these results show that 
the Fi red-gray female must produce eggs of these four genotypic 
constitutions. 

All four types, however, arc not produced in equal numbers. Those 
flies with the same combinations as were shown by their grandparents, 
white-yellow and red-gray, together comprise 99 per cent of the total 
number; only 1 per cent show the other possible combinations, white- 
gray and red-yellow. It thus appears that if the two characters, red 
eyes and gray body, enter a hybrid together (f.c., are contributed by the 
same parent) they come out together in the next generation in nearly all 
cases: they are definitely linked, and this is explained on the hypothesis 
that their genes are located in the same chromosome. The same is 
obviously true of their respective allelomorphs, white eyes and yellow 
body: their genes are carried in the other chromosome of the homologous 
pair. Were the two allelomorphic pairs of genes carried in different pairs 
of chromosomes no such linkage would occur : the two characters red and 
gray, and similarly the two characters white and yellow, would then be 
present together in 50 per cent of the flies, the chance frequency, rather 
than 99 per cent. How it is that the linkage is broken in some cases, 
giving 1 per cent with exceptional combinations, is a question to which 
we shall return later in the chapter. 

Sex-linkage. — A very interesting special case of linkage is seen in 
the phenomenon of sex-linkage, which may be illustrated by the following 
example (Fig. 146) (Morgan 1910). If a red-eyed wild male is mated to a 
white-eyed female (a member of a race descended from white-eyed 
mutants) the Fi individuals are white-eyed males and red-eyed females — 
each eye color has been transferred from one sex to the other, a case of 
“criss-cross’^ inheritance. If these Fi flies are bred together, the F^ 
generation comprises four types: red-eyed males and females, and white- 
eyed males and females. Turning now to the chromosomes, if the dis- 
tribution of the sex-chromosomes is followed through these generations 
this striking fact is revealed : red eye color appears in every fly, male or 
female, which possesses the X-chromosome of the original red-eyed male; 
and white eyes appear in every male which receives one of the X-chronio- 
somes of the original white-eyed female, and in every female receiving 
two of them. This is taken by Morgan to mean that the original male’s 
X-chromosome carries the dominant factor for red eyes, while each of 
the X-chromosomes of the original white-eyed female carries a recessive 
factor for white eyes. In all the flies it is seen that the presence of one 
X-chromosome is correlated with rnaleness, and that of two X-chromo- 
sornes with femaleness (compare Fig. 140); and that the two types of 
eye color under consideration follow the distribution of these chromo- 
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sonios— they aro sexAinked characters^ So far as is known, the F- 
ehroniosonic of the male carries no sex- or sc^x-linked factors. This 
general interpretation is directly applicable to the recipnxail cross (white- 
eyed male X red-eyed female), in which, however, the relative proportions 
of red-eyed and white-eyed flies in F\ and F 2 are different: in Fi all flies 
of both sexes have red eyes, while in Fi all the females and one-half of 
the males have red eyes, white eyes appearing only in one-half of the 
males. (See Morgan et aL 1915, pp. 16-20; Babcock and Clausen 1918, 
pp. 74-77.) 



Fig. 14(>. — Sox-linkaRe in Drosophila. Three auoees.sive generations at left; red eyes 
aliown in blaek. The history of the .sex-chromosomes through the.se generations shown at 
right; X-chrornoaome of original male shown in black. {Adapted from Morgan.) 

In such cases as the above it is evident that characters other than 
sex may be referred to certain chromosomes of the complement: it is 
possible not only to tell which chromosomes have to do with sex, but 
also to identify the ones concerned in the production of red and white 
eye colors. A large number of such sex-linked characters have been 
identified in Drosophila, and several have been found in other animals. 
Human colorblindness is a character which is inherited in a manner 
analogous to that of sex-linked characters in Drosophila, and its me- 
chanism is apparently the same. The presence of this defect more 
commonly in men than in women, and its appearance in so few individ- 
uals in affected lines, are due to the fact that it is both a recessive and a 

^ Sex-linked characters are not to be confused with sex-limited characters. The 
latter are those found exclusively in one sex, and are now referred to as secondary 
sexual characters. 
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sox-link(‘(I cliMnicler, pn'cisc'l^^ lik(^ \vhil(‘ cyc's in Drositph 'da. It occurs 
ill a wornan only it both of her A-chroinosonuvs bear factors for it, 
which means that su(?h a facjtor must have lieen received from each 
parent; whereas one such factor is sufhciimt to produce colorblindness in 
a man, because his F-chromosome carries no factors which might domi- 
nate it. P'urthermore, since the A"-chromosome of the male is always 
derived from the mother, a man can inherit colorblindness from his 
mother but not from his lather. From these' facts it follows that a 
colorblind woman transmits the defect to all of her sons and to half of 
her grandsons and granddaughtc'rs; whereas a colorblind man transmits 
the d('fect to none of his children and only to oiu'-half of his grandsons.^ 

The first sex-linked character known in plants was that of narrow 
ros('tt(‘ leaves in the' rc'd campion, Lj/chnis dioica (Shull 1910, 1911), a 
plant which appears to have the A )' type of sex inh('ritance, but in which 
no distinguishable^ sex-chrome)se)me's have been identifieel. 

Non-disjunction. — The clu’omejsome interpretation of sex anel of 
sex-linkage has received an intere'sting eanifirmation in a phe'iiomenon 
dise'ove'reel by Bridge's (1913). In a e'ertain strain e)f Drosophila the 
white-eyed fe'inales were obse'rved to give rise to a e'ertain [)roportie)n e)f 
‘Sinexpecteel ’’ forms. Most of their offspring (92 |)er cent) were red-e'yed 
te'inales anel white-eyed male's, as expected in such an experiment, but 
sejine of them (8 j)er e'ent) we're white-eyed females and reel-eyed males. 
A le)ng series e)f crosses showeel that these results coidd bo accounted for 
it it were assumed that in the original white'-eye'd female both of the X- 
chromosome^s passed together to e)ne pole in the reeluedion elivision instead 
of separating as they should. This was ternied/m/M^fs/az/c/m/^ (Fig. 147). 
As a result the eggs, instead of having the normal single A"-chromosome, 
would have either two or none, and the distribution of the sexes and the 
sex-linked characters would be altered in the manner observed. In a 
cytological examination of the flies in which these abnormal phenomena 
appear Bridges showed that this non-disjunction of th(i A^-chromosomes 
does occur occasionally in the female (Fig. 148). The chromosome 
theory thus received confirmation. “An abnormal distribution of the 
sex-chromosomes goes hand in hand with an abnormal distribution of all 
sex-linked factors’^ (Morgan). Additional genetic and cytological data 
have since been furnished by Bridges (191G) and Safir (1920). 

Linkage Groups. — An extensive series of studies on linkage relations 
in various plants and animals has brought out the fact that the Mendel ian 
characters of a given organism fall into a certain number of “linkage 
groups,’’ the members of each group being linked to one another in 
various degrees but showing no linkage with the members of other groups. 
It appears further, when the relationships of enough characters have 
been worked out, that the number of linkage groups is the same as that 

1 This case is fully explained by Babcock and Clausen (191 S, p. 197). 
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of the cliioiiiosomo jjairs. Drosophila niclafuxptstcr, in which liiika|»;e 
I’olations Imvc been most fully analysed, has four pairs of chromosomes 
(Fig. 148) : two large ‘^euchroniosome ” [)airs, one pair of sex-chromosomes, 



147. - -Noti-disjiiiictioii and its results iit Drosophihi. 'I'lu' two larj^e circles in 
first row represent nude and l'(*nuile flies producin<i sp(Mrns and <*«y:s r('sp('ct i v(‘ly. Non- 
disjuinaion in tin; fertiale ^ives 2 kinds of e^j>:s, with XX and with no sex-clironiosonies, 
instead of the normal sin^h* kind with one X. .At hutilization fli(‘r(‘ are possibles 1 cond>i- 
nations rather than 2, as shown in the lar^(‘ circhvs of s(‘con<l row. Owinj^ to the scnaual 
ways in wliich her 3 .sex-chromosonies may lx* disti il)ule<l at mafairatiou, tiu' feunah; lajpi'C- 
sented by the third circh* produc(*s 4 kinds of eKfjjs. VV’Ihmj mab'd to a normal male* (bidow 
liorizontal line) with Ids 2 kinds of sp(‘rms, S cond)inations are )>ossible (last row). Nos. 
1, 4, and 5 are normal flies ami «ivc the usual typ(‘s of proy:eny. Nos. 2, 0, and 7, owinj^ 
to the presence of 3 sex-chromosomes, ^ive ex(*(‘ptioiud rc'sults when bred. 4'ypes No. 3 
and No. 8 do not appear in the cultures, probably b<‘causc: they die vairy early. 4'he 
original male has red eyes and the original fciuah; wliite eyes. Red eyes (represenbal by 
dots) appear in every fly bearing the A'-chromo.some of the ori^iinal male, as in Fiy. I Ki. 
( ’ompare Morgan 1010a. Figs. 03 and 04. (Diannifu ftastd on. data of Hridfjrs and Morfjan.) 
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F'ig. 148. “The chromosonu‘S of Drosophila mdanouaslcr a.s they appear during mitosis in a 
female, a male, and a non-disjunetional female. {After Moruan.) 


and one pair of very small “ m-chromosomes.” The Mendeliati charac- 
ters in Drosophila fall into four linkaffo groups, and it is noteworthy 
that one of these groups contains only two known characters. Each 
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chromosome pair therefore seems to be responsible for a certain group 
of characters. It has been shown above that one of these groups, 
the sex- and sex-linked characters, can be definitely assigned to the pair 
of sex-chrornosomes; and Morgan further believes that the factors 
for the two characters of the small linkage group are located in the 
rn-chromosornes. The two remaining linkage groups, which contain 
many characters each, are assigned to the large euchromosomc pairs. 
Each chromosome is accordingly regarded as a body containing the fac- 
tors or genes for a considerable number of characters; and on the basis 
of the evidence to be presented below it is concluded that these genes, 
differing thus in their hereditary potencies, arc arranged in the chromo- 
some in a linear series as suggested by Roux many years ago. 

In plants the Ix'st known eases of linkage aie in Zea Mays, in which 
Emerson and liis students at (k)rnell have identified six linkage groups, 
and Fisurn, which has so far shown four linkage groups (White 1917). 
Since maize has 10 pairs of chromosomes, four more groups may l)e 
expected, while in Pisum, which has seven pairs, three more groups will 
probably be established; in fact seven independently inherited characters 
are known. It is an interesting fact that Mendel, in his famous researches 
on Pisurn, happened to select for study seven pairs of characters belonging 
to the seven different groups, and so did not detect the phenomenon of 
linkage. 

From the foregoing considerations there arises an interesting and 
very important question. If two homologous chromosomes, each (;arry- 
ing factors for a certain group of characters (those of one group allelo- 
morphic to those of the other group), separate into different gametes 
(or spores) at the time of reduction, how does it happen that occasionally 
there appears an individual with some of the characters of each group? 
And if a single chromosome carries a series of factors for a (certain grouf) 
of characters, how shall we account for the occasional individual with 
some of these characters but not the rest? To state the problem in tlu^ 
terms of linkage, if each group of linked characters is represented by a 
scries of genes in a given chromosome, how is the linkage broken in 
a certain percentage of cases, with the resulting formation of new link- 
age groups, as shown by the exceptional red-yellow and white-gray Hies 
in the experiment described at page 379? A solution to this problem has 
been offered in the (^hiasmatype Theory. 

The Chiasmatype Theory. — In our discussion of chromosome con- 
jugation it was pointed out (p. 257) that various opinions have been 
ent(?rtained regarding the nature of the association between the members 
of the synaptic pair. Some workers have held that the chromosomes 
fuse completely and lose their identity, and that the two chromosomes 
appearing on the first maturation spindle are not to be looked upon as 
identical with those which entered into conjugation. On the contrary. 
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theie aie those who deny any fusion at all between th(‘ iiKunbeis of the 
pair, holding rather that their identity is not impaired in any way during 



tiG. 149. The behavior of the oonju^atiiiK homologous chromosomes according to 
the Chiasmatype Theory of Janssens. Single crossing over at left; double crossing over 
at right. {Adapted from Babcock and Clauaen.) 





Fio. 151. — Chromosomes of Batracoseps allenuatus, showing ehiasmas. (After Janssens.) 

their intimate association: the two chromosomes appearing on the first 
maturation spindle p-re exactly the same as those which conjugated. 
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Between these two extremes lie other views, the most suggestive of tlnmi 
being that proposed by Janss(*ns (1909)d 

The theory of Janssens in its simplest possible' form may be stated as 
follows. The members of the^ conjugating pair twist about each other 
and come into very intimate association at certain points. When they 
again separate a break occurs at the point or points of closest contact, 
but along a new plane', so that each of the two separating chromosomes 
is made up of portions of both conjugating members (Fig. 149). This 
pre)cess is known as chiasnialypy or crossing over. Such a behavior might 
oe'cur at various stnges in the' hederotypic preiphase: me)st prol)ably it 
takes place at an e'arly stage, when the conjugating chromosomes arc in 
the fe)rm of simple thin threaels (Fig. 83). In other e*ases it may take 
place at a late'i* stage, when, in the e*ase e)f animals, each of the chre)mo- 
se)mes has split pre])aratory to the seconel mite^sis, forming a tetrael of 
chi'e)matiels. Here the' e*re)ssing ove'r may e)ce‘ur betweem only two of the 
fe)ur chre)matiels (Fig. 150, Janssens’s typical case; see also Fig. 151), 
e)r l)e'tweon all fe)iu*. If only two of the' four eJiromatiels are concerned, 
only two of the re'sidting game'te'S (or s|)e)re's) will be ‘‘ e*re)sse)ve'r gametes’’ 
(e)r spore's) , as in Fig. 150; whe'reas, if the e*re)ssing e)ver takes place between 
all four of the chre)matiels, or be'tween the twe) yet unsplit threaels in the 
earlier prophase, all fe)ur e)f the gametes (e)r spores) will be ‘^cre)sse)ver 
gametes” (e)r spores). 

Application of the Chiasmatype Theory to the Problems of Linkage. — 

It is the al)Ove inlerpretatie)n e)f the nature of chrome)se)me conjugation 
that lies at the basis e)f the we)rk e)f Me)rgan anel his stuelents on Drosophila. 
As alreaely pointed e)ut, these workers have found good evidence for the 
coiuJusion that ('ach chromosome is responsible for a certain group of 
chai’acters, the members of the group showing a strong tendency to remain 
associated be(;ause their genes are borne by a common carric'r. They 
further l)clieve that the evolution of new character groupings has l)een 
brought about not only through the crossing of different hereditary 
strains, but also through the evolution of chromosomes with new con- 
stitutions by the process of crossing over. On the basis of the frequencies 
in which the new ty})es of grouping occur the relative positions (loci) 
of the genes for the different characters have been plotted in the 
chromosomes. 

The above points are illustrated in Fig. 152, which summarizes what 
is suppos('d to have occurred in a certain series of crosses between flit's 
with yellow body, white eyes, and miniature wings, and flies with gray 
body, white eyes, and long wings. In the colls of the hybrid there is 

1 Janssens has recently (1919aO published an outline of his views of the maturation 
phenomena in Orthoptera in which he again makes use of the chiasmatype interpreta- 
tion. His results are discaissed in some detail from the cytological and genetic points 
of view by Wilson and Morgan (1920), 
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a chromosome from oik^ parent bearing the genes for the three linked 
characters, F, IF, and A/, and a chromosome from the other parent with 
the genes for the three linked characters, G, R, and L. The first three 
characters are allelomorphic to the last three respectively, and the two 
chromosomes are homologous^ Upon breeding from the females of 
these hybrids it is found that in the majority of cases (first column) tiu' 
h 2 flies show the same genetic consitution as do t he grandparents (wit h 
respe(;t to these particular characters). This is taken to mean that the 
two homologous (Airomosonies forming the synaptic pair and separating 
at reduction have maintaiiuMl their substance intact — there has been 



Fig. 152. — Diagram illustrating the evolution of new linkage groups through crossing over. 

Explanation in text. {Adapted from Morgan.) 

no crossing over. In a certain number of cases (second column) new 
groupings of the characters in question are observed in the F 2 flies : sonui 
have F, IF, and L, while others show (7, Rj and Af. This is interpreted 
on the assumption that a break has occurred along a new plane (dotted 
line) at a point of contact, so that at reduction some of the gametes, 
and hence the F 2 flies to which they give rise, receive a chromosome with 
F, IF, and L, while others receive (7, /i, and Af. In a smaller number 
of cases (third column) the new combinations YRL and GWM are formed 
in a similar manner, the break and reunion occurring at another point. 
In a very small number of cases (fourth column) the combinations 
YRM and GWL appear, which can be explained on the basis of a double 

^ The hybrids have gray bodies, red eyes, and long wings, because G, and 
L are dominant over F, IF, and M. (Ordinarily the genes have other designations.) 
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Flo. 153. -'^rho chroniosonie map of Drosophila melanogastcr, showing the loci of the 
genes as determined Viy Morgan and his associates. Corrected to Novernlier, 1920. Figure 
kindly furnished by Professor Morgan. 
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crossing over as shown in Ihe dinjrrain. Most of the F, fii(‘s show tlie 
same eomhinations as their grandparents, which indicates that no crossing 
over has occurred in tlie majority of the ganade-forming cells. Since 
there are many more /A> individuals with )dlX ovdRM (second column) 
than with \ RL or t/TtM/ (third column), it is believed that the distance 
between the gen(^s 11^ and M (and between R and L) in tla^ original chromo- 
souK' must begi(‘at(‘i than that b('tw(‘('n ) and If (and bcdweent/ and R), 
so that then" is more chance for ciossing ovi'r to occur in tlu' lower part 
than in the ufijiei*. 1 hus if two linkc'd chaiactc'rs arc' often sc'parated 
(/.c., have their linkage" broken) the'ir ge'iu's an' thought to lie relatively 
far apart in the chromosome', where'as liidve'el e'haraede'rs separate'el einly 
raie'ly are supfieised te) have" tlu'ir gene's leieaite'e! ve'i'v neai* ('ae*h either. 
Re'ceimbinations involving a eleiuble' eir e've'n meu'e' eaunple'X e*re)ssing eive'i* 
(fourth column) woulel be' e'xpecte'el ve'ry rarely. In this way the genes 
feu the various e*hai‘ae*te‘rs hava' be'e'ii assigne'el te) the'ii* leie'i in the" (*hromo- 
se)me"S ein the" basis of the" fi‘e'e(ue‘ncie"s in whie*h the' varie)us ne"w ceunlii- 
nations in F 2 apfiear. 

In Pig. 153 is sheiwn the" ma|) ’ e>t Ihe' e'hreimeiseinu's eif Dro.sophila 
as ele'tcrmineel by Meiigan anel his assoe'iatc's, e'ach faedeir be'ing placeel 
a ccu'tain numlie'i* eif units of ehstane*e" freun the" e'liel. Many eithe'i* kneiwn 
genes are not sheiwn in the eliagrain. As the' uni I of elistance' is taken 
that spacer separating twei facloi's wheise" lirdvage is breike'n (be., betwee"!! 
whie*h crossing over oe*curs) in I pe'r e'ent of the case's. Thus crossing 
over occurs lietwe'e'n ‘"yclleiw” anel “bifiel” in 7.3 per ea'iit eif the observeel 
cases; the factors are therefeire' plaea'el 7.3 units apart (first chromoseune). 
PAirthermore", if some linkage relalions are known, it is possible to cale*u- 
late ce'i’tain either linkage's in aelvane*e. ]<^e)r examiile, if it weua^ kneiwn 
that crossing over occurre'el be'twe'en ‘bsepia” anel ‘^pink” (thirel chrome)- 
seuue") in 20.2 per cent of the tlie's, anel also lhat “sepia"’ anel “kielney” 
sheiweel a 34.7 per cent crossing eiver, the pre'eliedion (hat “pink” and 
“kielney” would show a 14.5 per cent creissing eiver (neit inchuling the 
modifying effects of elouble' e*reissing over, shoulel this oe*e*ur) woulel be 
borne out by experimental results. Such an agreement eif the results of 
new crosses with prediedions maele' on the basis of known linkages has 
occurred over anel over again in the experiments of Morgan anel his 
stuelents. The chiasmatyfie" hypothesis as thus elaborated oliviously 
fits the^ observeel facts remarkably well. 

Interference . — Another fiiece" of evidence brought forward in support eif 
the hypothesis that the factors have" a linear arrangement within the" 
chromosome is the phenomenon of interference, which has been elueadated 
by Sturtevant (1913), Weinstein (1918), and particularly by Muller. If 
the factors or genes are arranged in a series as supposed on the above 
hypothesis, it would be expected that when crossing over occurs at a given 
point in a pair of chromosomes, the regions irnm'ediately on either side of 
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this point Would be prevented from crossing over at the same time, for the 
reason that the twisting of the chromosomes about each other is not close 
enough to allow two crossovers so near each other. Thus in Fig. 154, if 
crossing over occurred between the two factor pairs Dd and Ee, breaking 
the linkages between D and E and between d and e, there would be at the 
same time no such break between Cc and Dd or between Ee and Ff, 
since for mechanical reasons a second crossing over could not take place 
at either of these points simultaneously with that between Dd and Ee. 
(h’ossing over at one j:)oint would thus interfere with crossing over which 
might otherwise occur at nearby points. The amount of 
this interference would progressively decrease at points 
farther and farther from the first crossover point, until 
at a certain distance (measured by the length of the loops 
usually formed by the twisting chromosomes), as atLM , 
it would vanish entirely; here crossing over would occur 
with its normal frecpiency irrespective of any crossover 
at DE. 

Muller has found that the characters behave accord- 
ing to these expectations. If two characters have their 
linkage broken in a certain percentage of cases, this 
percentage' is noticeably lowered if breaks in linkagci 
o(*(air betwe^en two otlun* chara(;t(u*s having normally a 
fairly close linkage with the first two. In other words, 
one linkage break interferes with other linkage breaks 
within the same linkage group; and the degree of this 
interference varies from a high value in the case of a 
closely linked series of characters to zero in the case of 
characters very loosely linked. This, it is pointed out, 
is just what should occur among characters represented 
l)y a linear series of genes in chromosomes which un- 
dergo crossing over, but which cannot twist about one 
another with more than a certain degree of closeness. 
The phenomenon of interference thus indicates another 
point in which the chiasmatype hypothesis as developed by Morgan fits 
the experimental facts. 

A further point is of interest in this connection. In Drosophila it is 
only in the females that crossing over takes place; it is in the eggs, and 
not in the spermatozoa, that new factor combinations appear as the result 
of this process. The absence of crossing over in the male may be asso- 
ciated with the fact that the y-chromosome carries no known factors;^ 
the male is heterozygous for sex. In the fowl, in which the female 
rather than the male is heterozygous for sex, it has been shown that 
crossing over occurs in the male but not in the female. Crossing over for 

^Sce, however, Castle (1921). 



Fio. 154. — Oia- 
illustrating 
interference. Ex- 
planation in text. 
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soiiK^ roasoii is linii1(‘(l in lli(\s(' ease's and some' otlu'is (o tlu' ,s(‘x wliieh is 
heterozygous lor the^ s(‘x-taetors. On tlu‘ (‘ontraiy, in the grasshoppc'r, 
Apotetlix, Nabours (1919) has shown that some' erossing over oeeiirs in 
both sexes, and the same a[)i)ears to b(‘ true in Primula (Oregory; Alten- 
burg 1916), the rat (Castle and Wright 1916), and Zea (Emerson). In 
Paratettix, in which no erossing ov(‘r has ))e('n demionstrated, Miss 
Harman (1920) reports that the homologous ehromosomes do not 
conjugate until the end of the prophase, and sugg(‘sts t hat their indepem- 
dence during the early stages may account for the al)S(‘n(‘e of crossing 
over. 

General Discussion. — In the fon'going pages a brief account has been 
given of the main points in the thc'ory d(‘V(‘lop('d by thos(' who have* mad(' 
th(^ most thoroughgoing attempt to relate tlu' })henom(‘na of heredity to a 
visible eell mechanism. To follow out the dc'tails of its application do('s 
not lie within the scope of this chapter: it is h(‘i(' intended only to furnish 
a starting point for cytological studies in this field by indicating tlu* 
common ground upon which cytology and geiK'tics nu'et. It is import- 
ant, however, to differc'ntiate between (‘videncc' which is geiadical and 
that which is cytologi(*al in nature; and further to remind ourselves to 
what extent observed fact and hypothesis respcadively have b(*en woven 
into the theory. Caution is particularly iH'cessary in this latter rc'gard, 
since the general nature of many of our id(‘as of inheiitancc? is traceabh' 
in part to the speculative theories of Weismann. Weismanids th(?ories 
of heredity and development, which are summaiizcMl in the lu'xt chapb'r, 
were primarily ‘^corpuscular'’ or “particulate” theories: the i)henomena 
of heredity and development were referred to distinct material units 
which in some way were able to bring about the developriumt of th(' 
h(n*itablc characters in the individual and their transmission from oik' 
generation to the next. Bearing in mind the phenomena of inheritance' 
reviewed in the preceding chapters, espe'cially the behavior of the Men- 
delian characters, it is difficult to escape the conclusion that differential 
factors of some sort, which in an unknown manner initiate the series of 
reactions resulting in the several characters, are carrical in the nucleus. 
To determine the nature of these factors and to discover the real relation 
existing between them and the developed characters are among our 
greatest problems. That the factors or genes are discrete units is a 
hypothesis which is not only plausible, but has also proved itself to be 
most useful. If such factors exist, the chromosomes afford a means of 
precisely the kind required to account for the observed distribution of 
characters throughout a series of generations. Hence from Roux and 
Weismann onward the factors have been lodged in the chromosomes. 

But it is when these factors arc directly sought with the aid of the 
microscope that disappointment is met. The frequently observed 
granules or chromomeres in the chromatin thread or chromosome arc 
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ucceptecl by soiik' as IIk' dc'sired iiiaU'i ial geiu's; bul, as poiritx'd 

out. in the (•ha|)t('rs dealing with somatic* mitosis and rcMliU'tion, many 
(;ytologists are very uneertain as to the morphologieal status ami sigiiifi- 
eance of these Ixxlies, which seem to tlxmi to he far too inconstant in 
number and behavior to n^pn^sent tlie units in qiK'stion. Although it is 
tempting to look upon the chromatic granules as' tlx* units which current 
theories of heredity scami to recpiire, it must b(‘ admitted that tlx* 
observational (‘vid(‘nc(* is insufficient to warrant the categorical state- 
ments frequently made to the effect that the chromosome is composed of 
a definite number of more elementary visible chi’omatic units, which 
have definite* S|)ace relations and are the significant units in the cellulai- 
mechanism of heredity. On the oth(‘r hand, the careful observations of 
Wenrich (Ifilfi) have shown that in tlx* grasshopper, INirynolettix (Fig. 
IT)/)), the chromatic granules are r(‘Ia(ively constant in size and |)osition 



Fid. 155. Chromosome pair “B” in conjugation from tlio .spermatocytes of 15 differ- 
ent individuals of Phrynotettix magnus, showing constancy in siz(‘ and arrangement of th(^ 
princii)al ehromomeros. The same constancy is shown in the different cells of a single 
individual. X 1500. {After Wenrich, 191G.) 


in a given m(*mlx*r of the chromosonx* complement, 'even in different 
individuals; and they furthermore* show a close correspondence in the two 
homologous chi'oniosom(*s as they pair at synapsis. This is one of the 
most striking pi(*c(*s of direct cytological evidence yet brought forward in 
support of the theory that the chromosome is a chain of factorial beads” 
(Harper), and heightens tlx* probal)ility that the postulated units of 
inheritance will turn out to be more than purely conceptual ones. 

Whatever may be the value of the chromatic granules, one can hardly 
fail to recognize the highly suggestive nature of the arrangement of the 
chromatin in a thin thread, its frequently beaded appearance, and its 
accurate longitudinal fission into two equal parts at the time of cell- 
division. In the absence of direct and convincing cytological evidence 
for the presence of various “qualities” arranged in a series along the 
thread, we may still look hopefully for the support which it would seem 
that the theory of Roux must sooner or later have. It must be admitted 
that at present the evidence for the existence of genes is in the main 
genetical rather than cytological. 



LIXKAGK 


393 


bimilarly iinsatislartory is 1h(' (‘Vtological ovidonco for the brojiking 
and reunion of the chromatin threads r(‘(|uinHl by tlu* crossing; ov'('r hypo- 
thesis. Since the fiypothesis was put forward l)y Janssens (1909) adequate 
and convincing descriptions of this process have Ikmui singularly wanting, 



A' B' C* 


Fig. 150. — I)inKiains illustrating variou.s po.ssihilitios conrt'rniiig the eoiiipouud ring 
tetrad.s in Orthopteran spermatoeytcs, following the outlines of .Janssens’s figures, but 
showing al.so the relations of the chromatids. At the left in each of the upper figures is the 
longitudinal tetrad-rod from which the ring-.series arises, showing results of assumed early 
cross-overs in and C. A, the compound ring as conceived by McClung, Robertson, etc., 
with the four resulting chromatids at A^ (no cross-overs). B, a compound ring, such as 
might follow a two-strand cross-over at each node, giving the results shown in B^. C, a 
compound ring giving the results shown in .Jan.ssens’s diagrams, resulting from a two- 
strand cross-over between two pairs of threads, in regular alternation at successive nodes. 
The result (C) is four chesses of chromatids, as .shown in Cb {Fif/urf; and le(j< nd from 
Wihon and Morgan, 1920.) 

particularly in those cases in which experimental results would make its 
establishment most desirable. Wilson (19126), Jiobertson (1916), and 
Wenrich (1916, 1917) point out that the figures formed by the chromo- 
some tetrads in the spermatogenesis of certain insects may be interpreted 
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without recourse to the hypothesis of chiasmatypy, and tliat the observa- 
tions and figures of Jansstuis do not prove the existence of that phe- 
nomenon. llobcrtson, for example, holds that the '^chiasma^^ figures are 
more simply explained as the result of a tendency on the part of the four 
chromatids to open out jiartly along the conjugation plane and partly 
along the plane of splitting, without any actual breaking and recombina- 
tion (Fig. 156). Wilson (Wilson and Morgan 1920), however, thinks it 
“highly probable that the cytological mechanism of crossing-over must be 
sought in some process of torsion and recombination in the earlier stages 
of meiosis — perhaps during the synaptic phase or slightly later — and that 
this process may leave no visible trace in the resulting spireme-threads.” 

During the time when the homologous (chromosomes in the form of 
slender threads are twisted about each (jther in the early prophase of the 
hccterotypic mitosis there is abundant opportunity for the required break- 
ing and union to occur, and appearances oft(ui lend themselves well to 
siKch an interpretation. If the side-by-side position is not assumed until 
later in the prophase (Scheme B, (diaf)ter XI) the time during which such 
interchanges might occur is much shorter. But it is a matter of extreme 
practical difficulty in either case to determine whether or not the plane of 
separation is the same as the plane of union at a given crossing point. 
The forces controlling the breaks and recombinations as well as the fre- 
quencies with which they occur in the different chromosome pairs are 
even more difficult to imagine. The difficulty of accounting for these 
phenomena, however, does not weigh heavily as an argument against 
their occurrence. Whether or not chiasmatypy actually takes place is a 
question which must be settled primarily by direct evidence, and the need 
for careful search for such evidence cannot be too strongly emphasized. In 
the opinion of the cytologist the behavior of each chromosome as a whole 
must be much more thoroughly known before (;ytological interpretations 
of the phenomena of inheritance involving any smaller units which the 
chromosome may contain can be regarded as more than hypotheses, 
valuable as these hypotheses may be in the correlation of genetic data. 

At this point it may be well to recall (see Chapter XI) that all cytolo- 
gists do not agree that the synaptic mates maintain such an independ- 
ence (except at crossover points) as is presupposed by the advocates of 
the chiasmatype theory. A number of observers have reported an actual 
fusion of the conjugating threads, the resulting pachytene thread sub- 
sequently splitting, probably along the line of this fusion. It may 
accordingly be suggested, in line with the hypotheses discussed by Allen 
(1905), that if the threads actually carry or consist of discrete units or 
genes, and if these units do not themselves fuse during the process, such 
a resplitting of the pachytene thread, if not wholly along the fusion plane 
because of a twist of the thread or of the plane itself, would bring 
about a redistribution of the genes as effectively as would the chiasmatype 
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process as originally proposed. ^ The splitting of chromatic threads is, 
moreover, a process aln'ady known to occur in all oth(‘r mitoses. But 
interpretations involving the actual fusion of th(‘ conjugating threads 
have been adversely criticized with much efTect by Gr<5goire (1910), and 
only further research on the cell can lead us to an adecpiate evaluation of 
the above outlined suggestion. 

Other Theories of Linkage. — The chiasmatype liypothesis is not the 
only one whicdi has been advaiuMal to account for the phenomenon of 
linkage. Most prominent among other attempts to solve this probkun is 
that of the English geneticists, espc^cially Bateson, Punnett, and Trow, 
who have advanced what is known as th(' Reduplicaiion liypothesis. In- 
stead of accounting for the now factor combinations manifest (‘d by a ccu- 
tain percentage of the gametes on the basis of an interchange' of factors in 
the chromosomes at the tinu' of redu(*tion, these investigators se'ck to 
explain them by postulat ing a se'ries of ditTc'rential divisions in the' ('arlie'r 
cells of the germ cell liiu'age', whe're'by Mc'mh'lian factors, not carried by 
chromosomes, an; se'gregated in such a maniH'r that the observed types of 
gametes are produ(;(*d. E-urth(‘rnior(', the' various factors arc supposed to 
be segregated successively, and at such stage's in the' cedi lineage that the 
proliferation or reduf)lication of the^ cc'lls with ne^w (‘ombinations of factors 
shall account for the ratios in which the new types appear. Although 
the differentiation of the somatic and early gei rn cells is accompanied by 
visible differences in the constitution of their (‘ytoplasm (see p. 400), 
t here is at hand no cytological eviden(*e for sucdi a segregation of heredi- 
tary units as is thought to occur by the proponents of the R(?duplication 
Hypothesis. So long as this is the case, discussion of the hypothesis, 
together with the subhypotheses formulated to meet certain serious objec- 
tions, hardly belongs to cytology. One fact, however, pointed out by 
Morgan (i919a) as very significant in this connection, is found in the 
results of some experiments by Plough (1917). Plough investigated the 
effects of temperature on the frequency of linkage breaking (crossing over) 
in Drosophila. Not only did he find that temperature does affect the 
amount of crossing over, but the effect was clearly produced at the time 
of maturation and not earlier. This evidence is directly oppost^d to the 
view that the new factor combinations are formed during cell-divisions 
some time prior to reduction. 

Another effort to account for the results of crossing over without 
resorting to the chiasmatype process is represen ..ed in a suggestion 
(Goldschmidt 19176) to the effect that the two factors of an allelomorphic 
pair are held to their places in the two homologous chromosomes by a 
pair of variable forces, which allow them to exchange places in a certain 

lA form of this interpretation of synapsis has suggested itself also to Dr. 
C. W. Metz and Dr. E. G. Anderson, who inform the author that such a hypothesis 
will in all probability conform satisfactorily to the data of genetics. 
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proportion of cases wi tfioiit involvinj^ a ruptiin' of the ehroinosomes. These? 
forces, however, an' purely conjectural. It is pointed out by Jennings 
(1918), moreover, that the gametic ratios theoretically resulting from 
such a process do not agree with the actual ratios observed in Drosophila. 

Value of the Chromosome Theory of Heredity. — Whatever judgment 
may ultimately be rendered on th(^ chromosome theory of heredity as 
outlined in these chapters, it must be agreed that tlu^ value of this theory 
in the present state of our knowledge can hardly be overestimated. 
Through its use a huge number of the observed facts of inheritance ai(' 
being reduced to order: the painstaking investigation of the interrelation- 
ships of all the known heritabk^ characters of ('ven a single organism 
such as Drosophila cannot fail to be a gn'at sc'rvice to biological science. 
Its appeal to the cytologist, as Wilson states, is largely through th(' man- 
ner in which it seeks to make use of known cell mechanisms rather than 
(‘iitirely hypothetical processes. Those [portions of the theory which 
ar(‘ as yet unsupported by the results of dii'ect cytological observation, 
though not contradicted thereby, at k'ast have the virtue of alTording a 
use'ful and gra[)hic representation of the mutual behavior of hc'reditary 
characters. Notwithstanding the statement that '^the graphic re{)r('- 
sentation of t he location of the factors is a type of n^presentation common 
to every set of phenomena which can be expressed as percentages” (Trow 
1916), these hypotheses are of great value, for by aiding in the correla- 
tion of the facts of inheritance they serve to increase the number of 
observed phenomena statable in terms of order; and the reduction of 
experience to order and the statement of this order in simple formulae, 
together with the search for new truth, constitute the principal tasks 
of science. If this work of correlation has been well done tlu' whole 
body of facts can readily be placed under another theoretical interpre- 
tation and described in a new set of terms should occasion require. 

Although it may be that the chiasmatype hypothesis of linkage is in 
certain points inadequate, mathematically (Trow 1916) or otherwise, it is 
nevertheless true, as we have aln'ady seen, that it fits the case very well. 
At the same time we may remind ourselves that the fact that a hypothesis 
works well is no guarantee of its ultimate truth. But even if the chiasma- 
type interpretation should have to be ever so greatly modified as new 
facts accumulate, it is scarcely to be doubted that the chromosome theory 
of heredity in some form will turn out to be in accord with the truth. 
With respect to this general theory Wilson (1909) writes as follows: 

“I stand with those who have followed Oscar Ilertwig and Strasburger in 
assigning a special significance to the nucleus in heredity, and who have recog- 
nized in the chromatin a substance that may in a certain sense be regarded as the 
idioplasm. This view is based upon no single or demonstrative proof. It 
rests upon circumstantial and cumulative evidence, derived from many sources. 
The irresistible appeal which it makes to the mind results from the manner in 
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which it l)rin^;s togotln'r uikUm* one point of view a imiKitiide of facts that other- 
wise remain (lisconnccted and nnintcilijrible. What arrests the attention when 
the ta(d,s are broadly viewed is tiie uninistakabk* paralhd betweim tin* course' of 
heredity and the history of the chromatin-substance in the wliole cycle of its 
transformation. In n'spect to some of the most im|)ortant phenomena of 
heredity it is only in the chromatin that such a parallel can be accurately traced. 
It is this substama', in the lorm ol chromosoiiK's, that shows the association of 
exactly equivalent maternal and pate'rnal (‘lenu'nts in the fertilization of tlu' 
efr^. In it alone do we clearly .see the (‘(pial distribution of these ('lements to 
every part of the body of the ofTsprinj*;. In the perverted forms of development 
that resvdt from double f(‘rtilization of (he ejz:^; and the like it is only in tlu^ 
abnormal distribution of the chromatin-substanci' l)y multipolar division that we 
.see a physical counterpart of the derangement of (h'velopment. Only in the 
chromatin-substancc', again, do we se(' in tlu' course' of the' maturation of the' 
germ cells a ]’edistril)ution of (‘h'nn'nts that shows a paralk'l to the astonishing 
di.sjunction and redi.stril)ut ion of the' factors of h(‘redity that are displaye'd in tin' 
Mendelian phenonu'iion.” 

With more particular reference to th<‘ ebiasmatype' bypot hc'si.s Wilson 
(1913) says: 

“This, admittedly, is a bold venture into a highly hypothetical region. Its 
justification is the' ])ragmatic oiu' that it ‘works.’ The' hypotlu'sis gives us tlie 
only intelligible explanation that has ye't b(‘('n olh'reHl for a sc'rie's of undoubteMl 
facts; and it is certainly worthy of the most atb'ntive further (‘xamination . . . 
We hav(^ much to gain and nothing to lose by the u.se of explanatory hyjiotheses 
that are naturally suggi'stxMl l)y the fa(T,s and h('l]) us to formulate them for 
analysis, so long as such hypotlu'.sc's an* not allowed to degenerate into dogmas 
accepted as an act of faith, l)ut are only u.sed as instruments for further observa- 
tion and experiment.” 

Bibliography at end of Chapb'r XVTIl. 
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WEISMANNISM AND OTHER THEORIES 

The theory of heredity described in the foregoing chapters, though 
resting on its own foundation of observational and experimental evidence, 
shows in some of its features the infiueiK'e of certain earlier sp(H*ulative 
hypotheses, particularly those set forth by W(‘ismann.^ Some of tli(‘ 
concej)tions embodied in theses hypotheses arc consecpiently involved in 
cytological and genetical discussions of the presemt day, and for this 
reason we shall here outline their main points, l)riefly indicat ing wliendn 
our modern theory has advanced beyond thcmi. 

Although conceptions of other type's arose very eaily, many of the' 
hypotheses in question were based on the assumption that the phenomena 
of heredity and development are the result of the activity of ultimate 
living particles of ultramicroscopic size. Thus Herbert Spencer (1864) 
built up a theory of considerable proportions about his ‘physiological 
units,’ and these formed t he prototype of th(^ units postulated in many 
later theories. Of these theories the most prominent were thos(‘ of 
Darwin, Nageli, de Vries, and Weismann, 

Darwin’s Hypothesis of Pangenesis. — In his Variatiom of Plants and 
Animals under Domestication (1868) Darwin included a chapter on his 
^‘Provisional Hypothesis of Pangenesis,” which, though offered only as a 
suggestion, excited great interest in the field of biology, especially after 
the advances made in cytology a few years later. In several points it 
closely reseml)led a theory propounded by Buff on more than a century 
earlier (1749). Darwin clearly saw in the cytologi(*al aspects of heredity 
one of the great biological problems of the future, but his only specula- 
tions on the subject were embodied in the pangenesis hypothesis, whi(*h 
may be stated as follows: 

All the cells of the organism at all stages of development give off small 
particles, or gemmules, which multiply by fission and circulate throughout 
all parts of the body. These gemmules pass to the germ cells, carrying 
with them the power to reproduce cells like those from which they came. 
In this way units representing all the kinds of cells composing the organ- 
ism are collected in the gametes (or spores or buds) and are thus passed 
on to the next generation. During the embryogeny of the new individual 
the gemmules are so distributed that at the proper times and places they 

1 See Kellogg (1907), Delage and Goldsmith (1913), Thomson (1899, 1913), and 
Conklin (1915). 


398 



WI^JISAfANNISM AND OTIIEli THPJORlh'S 399 

develop into cells like those from which they origiinilly migrated, in 
this manner building up a new individual like the parent. Some of th(' 
gemmules do not furu^tion until a comparatively late stage in the onto- 
Q-nd others may remain latent through several generations: on 
these two assumptions it is possil)le to account for the late appearance* of 
certain characters and for the fact that others may ‘^skip^’ one or more 
generations. It is further supposed that some gemmules remain latent 
in the individuals of one sex: thus, for instance, the characters normally 
present only in the male may be transmitted through the female. 

^ In the many criticisms ot this hypothesis the tendency has been to 
judge and condemn it solely on the ground of the supposed transportation 
of the gemmules from the body cells to the g(*rni cells, for which no direct 
evidence has ever been discovered. It should not l)e forgotten, however, 
that Darwin suggested an explanation for the phenomena of heredity 
on the basis of representative material units in the cells, a conception 
which was of the greatest imi)ortance in that it constituted the starting 
point for later fruitful inv(*stigations and theories. The migration of 
the gemmules was postulated largely to account for the phenomena of 
regeneration and the inheritance of acquired somatic modifications. 
Since regeneration may be explained as well on other grounds, and since 
the evidence for the inheritance of acquired somatic modifications is 
for the most part of such extremely doubtful vahu*, such a migration of 
i-epresentative units, first denied by Gallon (1875), has couk* to l)e re- 
garded as unnecessary. A theory i)ostulating roi)resentative particles 
but no such migration was that of de Vries. 

De Vries’s Theory of Intracellular Pangenesis. — According to de 
Vries (1889) the particles of hereditary substance, or pangens, do not 
represent different kinds of cells as Darwin thought, but stand rather for 
different elementary characters or (qualities out of which tlu^ many visible 
characters of the organism are built up. Fuilhermore, these living 
elements or pangens do not pass from cell to cell, but merely circulate? 
between the nucleus, where a complete outfit of them is conserved, and 
the other parts of the? c(*ll — hence the term ‘intracellular pangenesis. 
In this way the characters brought into the new individual through the 
nucleus are delivered to the cell as a whole. (Contrary to the idea of 
Darwin and especially to that of Weismann (see below), all the cells (or 
nuclei) of the body contain pangens for all the hereditary characters: 
they are not sorted out as development proceeds. 

Nageli’s Idioplasm Theory. — A highly speculative theory of a some- 
what different type was that formulated by Nageli (1884) five years 
before that of de Vries. Protoplasm was thought by Nageli to be made 
up of a vast number of fundamental living units; these he called micellce. 
As a result of the ways in which these molecular complexes or micellae 
may be arranged, there are in the cell two kinds of protoplasm: in nutri- 
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live protoplasm, or trophoplasm, th(* micc'llae hav(^ no regular orienta- 
tion, whereas in idioplasm they an^ oriented in a particular manner. 
According to Niigeli the phenomena of heredity ar(‘ due to the constitu- 
tion and transmission of this idioplasm; idioplasm is the physical basis of 
inheritance. It is not confined to th(' nucleus, hut forms an elaborately 
constituted network (extending throughout all the cells of the organism. 
By arranging themselves in various groupings within this network the 
micella) are able to bring al)Out the dev(4opment of the many s[)ecific 
characters, the further details of this highly ^ ^fragile” hypothesis are 
summarized in convenient form by Delage and Goldsmith (1913), who^ 
point out that in spite of its many unsupportc'd assumptions it did involve 
two fertile ideas: first, that there are two kinds of protoplasm, oik^ of 
which (airries the characters of the organism; and second, that there are a 
limited nuinbcn* of (dementary characters which coml)ine in various ways 
to produce the many visibk' characters. 

Weismann’s Theory. — The most highly develoj)('d and influential of 
all such speculative theories was that of Weismann. On the basis of th(‘ 
conception of pangens Weismann built up the highly involved system 
of hypotheses set forth in his Das Keimplasma of 1892 and in mon* 
elaborated form in his Kvohdion Theory of 1902. Certain modifications 
were later made. 

As Delage and Goldsmith have noted, Weismann incorporated in his 
theory several of the stronger points of earlier theories, such as Darwin’s 
conception of representative partiedes, Nageli’s elementary charactei's, 
and de Vries’s intracellular migration of particles. With Niigeli he dis- 
tinguished between nutritive niorphoplasm and hereditary idioplasm or 
(jerm-plasm, but unlike Niigeli he identified the idioplasm with the 
chromatin of the nucleus. His conception of the constitution of th(‘ 
idioplasm was essentially as follows: 

The ultimate unit in all living matter is the biophore, which is a 
minute living particle capable of growth and reproduction — a vital unit. 
The many kinds of biophores in a given cell represent the many characters 
of that individual cell: they are not bearers of the characters as such 
(though Weismann often spoke of them in this fashion), but are rather 
factors upon whose presence the development of the characters depends. 
The biophores are grouf)ed to form vital units of a higher order, known as 
determinants. The determinant, since it is composed of the many kinds 
of biophores in the cell, has the power of determining the development of 
a certain type of cell or group of cells. In general, therefore, there are as 
many sorts of determinants in the organism as there are types of cells, 
or ‘'independently variable parts,’' to be developed. The determinants 
are in turn grouped into ids. A single id contains all the kinds of deter- 
minants, and so stands for the sum of all the characters of the organism: 
it contains the “complete architecture” of the germ-plasm. The ids 
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111 a given species differ only slightly among theinsidves, the differences 
corresponding lo the variations observ(‘d within the siiecies: they are the 
‘^ancestral germ-plasms” which have i,cen contributed by past genera- 
tions. the ids are identified with tlu' visible chromatin granules in the 
nuclcai leticulum or in the chromatin thread during mitosis. In most 
cases the ids arc grouped to form idants, or chromosonu's. In some forms 
which have a large number ol granular chromosomes it is possible that 
each is composed of but on(‘ id. The id therefoie, rather than the 
chromosome, is the unit of firimary importanci*. In case there are 
•several ids in a chromosome (idant) they are arranged in a linear scuies. 

1 he idea that the chromosoiru's are all alike' since th('y carry closelv simi- 
lar ids was later (1914) modifie'd by We'ismann, largely as tlu' result of 
the demonstration that ve'iy minute' charae*ters are segregateel in 
Menelelian fashion. 

With the aid of this elaliorate me'e*hanism We'ismann explaineel emtei- 
genetic development in the' feillowing manne'r. In the fertilizeel egg from 
which thei individual is to de'veleip all the kinds of de'terminants are' 
present: thoes of the female' parent are containe'el in the egg nucleus 
anel those of the male parent are brought in l)y the nucleus of the' 


spermatozoon. During the long series of e'cll-eli visions beginning with 
the fertilized e'gg and ending with the comi)le'tion of the mature organism, 
the many kinds of eleterrninants are se)rted out thre)ugh a progressive* 
disintegration e)f the ids, anel arc distribute'el in a definite^ anel orelerly 
manner to the different parts of the* boely. Many somatic mite)ses are* 
therefore regarded not as eeiuational (erbgleich), but in reality epialitative* 
(erhungleich) . When a give'n determinant finally reaiches the pre)per e*e'll, 
i.e., when that e*ell is finally formeel, the eleterminant splits up inte> ifs 
e*e)nstituent biopliores; and these, through (heir action upon the cell 
elements, give to the cell its specific characters. The general character 
of a cell is accordingly due to the type or types of determinant which 
it receives. For Weismann, therefore, development (ontogenesis) was 
definitely bound up with the evolution or unfolding of a complex struc- 
ture contained in the fertilized egg. Although he did not hold that 
the units in the egg have the same spatial relations as their corresponding 
characters or structures in the adult, it has been said with some degree 
of truth that he transferred preformation ism to the nucleus. 

Such being Weismann’s conception of development, how did he account 
for heredity? If the various kinds of body cells in an individual are 
characterized by different types of determinants, how is it that the germ 
cells, or gametes and fertilized egg through which this individual is 
to give rise to the next generation, f)ossess a complete outfit of deter- 
minants? According to Darwin\s hypothesis, outlined in the foregoing 
pages, representative particles or gemmules are contributed by all the 
l)ody cells at all stages to the germ cells, by which they are transmitted 
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to the next generation. (See Fig. 157, A.) Such a contribution of 
elements from the body cells to the germ cells was denied completely by 
Weismann. He held rather that a certain portion of the complete germ- 
plasm (idioplasm; chromatin) of the fertilized egg is carried along un- 



Pio. 157. Diagram illustrating the hypotlieses of Darwin and Weismann. The largo 
circles represent successive generations of individuals, and the small circles their germ 
cells. For the sake of simplicity inheritance is shown as uniparental rather than biparental. 
A, Darwin’s Hypothesis of Pangenesis. The branching solid lines ending in arrows repre- 
sent the sorting out of the hereditary units (gommules) during ontogenesis; the dotted 
arrows show the migration of gemmulos from the body cells to the germ colls, by which 
they are carried into the next generation. B, C, Weismann’s theory of the continuity of 
the germ-plasm, with no contribution of hereditary units from the body cells to the germ 
cells. In one case (B) the germ cells are set aside at the beginning of ontogenesis, and in 
the other (C) much later. In both cases the “complete germ-plasm” is delivered to the 
germ cells through a shorter or longer series of oquational divisions (heavy lines). 


changed and delivered intact to the germ cells. It had been shown 
(Haeckel 1874; Rauber 1879; Jaeger 1878; Nussbaum 1880; Galton) 
that in certain animals the primitive germ cells are set aside at once when 
development begins, and Weismann pointed out that they are therefore 
differentiated before any sorting out of the hereditary units can have 
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taken place. Hence the germ cells are really produced l)y Ihe germ cells 
of the previous generation and not by the individuars own soma (body) 
at all: they are present from the beginning of development with the full 
hereditary outfit, and by a few equal ional divisions they give lise to the 
gametes. This is represented in Fig. 157, B. In the niore usual case of 
those animals and plants in which llu' germ cells appear later in Ihe onto- 
geny Weisrnann held that, although a sorting out of the units occurs in th(' 
majority of the cells during ontogeiu'sis, those' meristematie; cells which 
constitute the chain conneeding the h'rtilized egg with the g('rm cells — 
the (jenu track (Behnhahti) -maintain the undiminisheel geu'in-plasm 
(f Is* 157, (7). ^ hus in this case as in the other there is a continuity of 

the germ-plasm, if not a continuity of the ge'rm cells (unless meristematic 
cells also be regarded as ge'rm cells). 8inc(' the ge'rm-plasm of any 
generation is derivc'd directly from that of tlu' preceding one, it is continu- 
ous through an unlimited numl)er of g('nerations;and the successive somas 
(bodies) are, so to speak, side branches givc'ii ofl* at intc'rvals from the main 
stream of the germ-plasm. 

In elaborating the above vk'ws Weismann (1885, 1892) insisted 
strongly upon the independence of tlu^ ‘^potentially immortaF' germ- 
plasm and the transient and mortal soniah He argued that since tlu'n* 
is no contribution of hereditary eli'iiumts from the soma to the germ cells, 
somatic changes being in no way impressi'd upon the germ cells from 
which the next generation is to arise, there can be no inheritance of 
acquired somati(; modifications. In mull iccdlular animals the only 
irdierited variations are those originat ing in the germ-plasm of the* germ 
cells or germ track as responses to internal (nutritive' etc.) or external 
environmental stimuli, or as the result of recombinations of hereditary 
units at the time of fertilization (amphimixis). We'ismann admitted 
that the germ-plasm, though remarkably stable', might be altereel elirectly 
by the environment or even l)y modificatie)ns in the surrounding soma; 
but he denied that in the latter case the alteration would be of such a 
nature as would cause the reappearance of the same somatic me>elifica- 
tion in the next generation. With W('ismann, as with Mendel, the main 
problem of heredity was not to discover how the characters of the organ- 
ism get into the germ cells which it produces, but rather how the char- 
acters of an organism are represented in the germ cell from which it is pro- 
duced (Darbishire 1911, Chapter 12). He attempted to show how it is 
that the stream of germ-plasm on the one hand maintains a stability suffi- 
cient to account for the resemblance between the successive bodies spring- 
ing from it at intervals, and on the other hand undergoes orderly changes 
responsible for the evolutionary advance shown in a long series of 
generation??. In the words of Agar (Bower, Kerr, and Agar, 1919), 
‘‘According to Darwin, parents truly transmit their characteristics to 

^ See discussion of senescence in Chapter VII. 
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their offspring (by means of the gemmuk's). Aecording to the modei’n 
view [Mendel; Galton; Weismann], how(‘V(n*, ehildren resemble their 
parents not,strietly speaking, l)eeause th(‘ latter have passed something 
on to them, but because' both have been i)roduced from the same 
germ-plasm” (p. 91). ‘'The parent is rather the trustee of the germ- 
plasm than the producer of the child” (Thomson 1913). 

Weismann attempted further to account for the variations effective' 
in evolution on the basis of his thee)ry of Germinal Selection. He sup- 
pose'el that the^ elede'rminants, while' multiplying in the germ ce'lls, are 
subje'ct te) se'lectie)n like all othe'r e)rganie^ units. Bomei elelerminants, 
being better plae'eel with respect te) the nutritive conditions, arc favore'el 
the're'by and grow stronger anel more' influential,^' while others unelcrgo 
changes in the e)pposite dire'e‘tie)n. The' e*ells e)r parts of the organism 
receiving the ek'terminants which have' hael the advantage in the struggle 
be'come' better elcveloped than those reM*eiving the we'akcr dete'rminants. 
As this prex'ess ce)ntinues from generation to generation the new variatie)n 
graelually increases until it becomes prone)unccd e'liough to l)e laiel hold of 
by natural selection. In this mannen’ Weismann accounte'd fe)r the 
preservation of small variations ne:)t yet of selective value', and for 
continued variation along definite^ lines (orthogenesis) in both plus and 
minus directions. Thus for him selection was the cardinal principle 
which ndc'd not only over organisms, but also over (*ells, ids, deter- 
minants, and biophores. As he himself state'd it, ‘'This (extension of tlu' 
principle of sek'ction to all grades of vital units is the characteristic 
feature of my theories.” 

Some Modern Aspects of Weismannism. — Although the distim'f ion 
between soma cells and g(n’m cells is not now drawn so sharply as in tin' 
days of Weismann, it is nevertheless of interest to note certain facts 
adduced in support of his contention that the ^enn-plasm is continuous. 

In Ascaris rnegalocephala (Boveri 1887c, 1889, 1891, 1892, 1904; 
Zacharias 1913) it is observed that at the sec^ond cleavage mitosis th(i 
chromsomes in one blastomere remain entire, while in the other blastomen? 
they become broken up into smaller pieces, some of which are lost in the 
cytoplasm and are not included in the daughter nuclei (Fig. 158, A). 
This process is called “chromatin diminution.” At the third and fourth 
cleavage mitoses a similar diminution occurs in all the blastomeres 
but one; in this one the (diromosomes remain entires At the fifth division 
it is seen that in the one undiminished cell no further diminution occurs 
as it divides, and its descendants become the germ cells. The primary 
germ cell is therefore set apart at the fourth mitosis; and, whereas the 
other ('inbryonic c('lls giving rise to somatic structures have undergone a 
diminution, tlu' ('iitire chromatin outfit is delivered to the -germ cells 
through the undiminislu'd cells of the germ track. A similar (a)ndition 
is present in Miastor (Kahlc 1908; Hegner 1912, 1914). In Ascarit^ 



405 


WEISAf ANNISM AND OTI/DH 


THEOiaES 


cams (Walton 1918) the germ eolls are similarly set asi(l(> at the seven! h 
clcaviigc mitosis. 

tin.h'Jv" ofth independe.H-e a,ul eon- 

tinmty of the gerni-plas.n ( hild (1915) points ont that, sinee undi- 

civisions, the process ohserv.al may represent mendy a segregation of 
different organs rather than a separation of the germ-plasm from Il,.> 
soma and that the non-dirnimition of the chromatin in tlie germ track 
may be the result of the differentiation of the germ cidls rather than its 
cause, the differentiation at this stage lieing primarily a physiological 



A, chromatin dirnimition in A.scarfs 7nef/alocephala. The second cleavage mitosis is in 
progress: all the chromatin is retained in the upper blastomere, from which the germ 
cells arc to arise, whereas chromosome diminution occurs in the lower blastomere which 
IS to give rise to the somatic cells. (After Boveri.) B, third nuclear division in the vet 
unsegmented egg of Chiromnnus confinis showing the early setting aside of the primitive 
germ cells at the lower end. (After Hasper.) 


(metabolic) one. H(» refers to certain later r(‘S(iarches of Boveri (1910) 
which apparently show that ‘'the occurrence or non-occurrence of chro- 
matin diminution in a nucleus depends, not upon its qualitative con- 
stitution, but upon its cytoplasmic environment.’^ From this it is 
concluded that "the 'germ path’ is a feature of the cytoplasm, and the 
cytoplasm is not, properly speaking, a part of the germ-plasm at all 
but represents the soma of the cell” (p. 327). 

In support of this conclusion we may cite, as does Child, those easels 
among insects (Hasper on Chiron omits, 1911 ; Hegner on Miastor 1912 
1914) and copepods (Haecker 1897, 1902; Amma 1911) in which the 
substance of the future germ cells may be distinguished very early in 
the embryogeny, even in the undivided egg, either as a visibly differen- 
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tiated region of the cytoplasm {Keirnbahn- plasma) (Fig. 158, B)^ or 
by the presence of certain cytoplasmic granules or inclusions (Keimhahn 
determinants). These latter are ultimately delivered to the definitive 
germ cells, the nuclei at the same time showing no differences in the germ 
and soma cells. Although such cases seem to show that ^Hhe factors 
determining what shall become germ cells and what somatic structures 
apparently exist in the cytoplasm and not in the nuclei’^ (Child 1915, 
p. 329), it is nevertheless very significant for the (chromosome theory of 
heredity that only in the germ cells, whatever the cause of their diffccr- 
entiation from the other cells of the body, should the chromatin be 
retained in the complete state in the cases of Ascaris and Miastor. 
Whatever may be the relation of the chromatin to differentiation, and 
whatever may be the degree of its independence of the soma -plasm, it 
is noteworthy that here it is precisely in the germ cells and in the cells of 
the germ track— the cells especially important in heredity — that the 
chiomatin shows an unbroken continuity from cell to cell and conse- 
(luently from generation to generation. Were the chromosome mechan- 
ism disturbed in these cells as it is in the somatic cells, or should 
diminished’^ cells regenerate a completely normal organism, a serious 
obstacle would be in the path of the chromosome interpretation of here- 
dity as now formulated. The actual behavior of the chromatin in the 
germ track of A. scam argues for rather than against the chromosome 
theory, at least as regards hereditary transmission. 

A much used argument against Weismann’s theory of development 
(ontogenetic^ differentiation) is found in the phenomenon of regeneration. 
It is well known that in certain animals and especially in plants a portion 
of the body consisting solely of differentiated cells may under certain 
conditions give rise to a complete individual with functional germ cells. 
Weismann accounted for such regeneration on the basis of an additional 
hypothesis which stated that during the sorting out of the hereditary 
units in the process of cell differentiation certain ^^supplementary 
determinants” are carried along unaltered, and that later, if occasion 
arises, these cause the development of the differentiated cells into an 
organism with all the usual characters. Since in certain cases {Begonia) 
almost any cell of the body may undergo regeneration into a complete 
plant, it is evident that all of the body cells must have a ^‘complete” 
germ-plasm. Hence the distinciton between a germ-plasm limited to 
cells capable of producing an entire individual, and a soma-plasm present 
only in somatic cells without such power, becomes of no value. Every 
cell capable of regeneration — germ cell, meristem cell, or differentiated 
somatic cell — contains the complete germ-plasm, which appears to be 
simply the chromatin possessed by all the cells alike. La(;k of power to 
regenerate is not due to a lack of complete germ-plasm but to other 
conditions associated with the degree of differentiation shown by the 
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cells. Ill thus using llu' terms germ-plasm and soma-plasm (somato- 
plasm) synonymously with chromatin and cytoplasm resiiectively, 
Weismamds conception of the chromatin as the substance especially 
important in heredity remains, although his theory of the dependence 
of ontogenetic differentiation upon a sorting out of qualitatively dithu- 
ent units of this substance during devidopment is no longer held. 

This use of the term germ-plasm is general among geneticists, who 
are concerned with the problems of heredity, and may be distinguished 
from that of certain students of the physiology of development, by whom 
germ-plasm is regarded as “any iirotoplasm capable, under the proper 
conditions, of undergoing regression, rejuvenescence, and reconstitution 
into a new individual, organism, or jiart” (Child 1915, p. 402). From this 
latter point of view the germ-plasm would be regarded as either th(' 
complete protoplast capable as acting as so descrilaul, or, as Cdiild is 
inclined to believe, only an abstract idea — mendy a term standing for 
heredity. 

Weismann^s theory of th(‘ sort ing out of iK'nalitary units during onto- 
genesis was abandoned not only because^ of irs inapplicability to the 
results of certain experiments, but also because' no sui)port for it could 
be found in a direct study of the (‘ell mechanism. Btrasb\irger and other 
investigators insisted strongly that so far as (‘an be ascei’tained the 
division of the chromatin at each soinatn^ mitosis is exactly ecpiational, 
there being not the slighb'st indi(*ation of such a dilh'rence^ in tin* chro- 
matin of the two daughter c(41s as might be expected were the' divisions 
qualitative (erbungleich). To this Weismann had only to re|)ly that 
since the differentiation is a mattx'r not of ids or of idants but of determi- 
nants, the two nuclei woidd Ix’: visibly alike in spite of their qualitative* 
difference. Although certain casc'S hav(^ been describcnl in which growth 
is not equal in all of the chromosomes during the early stages of dev(*lop- 
nient, and although the two daughter nuclei may become differential (*d 
through unequal nutrition aftcu’ their formation, as btrasburger sugg(*stcd, 
most biologists have adopteal the vi(*w that all of the somatic nucl(*i ai(* 
(|ualitatively alike in their chromatin content so far as its ht^reditary 
powers are concerncHl. They have thus folio wc^d de Vries (1889) in 
holding that factors for all of the hereditary characters are pre^semt in 
all of the somatic cells, a conclusion strongly supported by the facts of 
regeneration. The ontogenetic differentiation of the cells whirdi mani- 
fests itself largely in cytoplasmic changes, as well as the relative regen- 
erative powers which these c(41s possess, are attributed for the most pait 
to physiological causes, the latter in large measure determining what 
hereditary capabilities of the various cells shall come to expression. 
The distinction between the view of Weismann and that of more recent 
investigators is made clear in the two diagrams of Fig. 159, which have 
been copied from Conklin (1919-1920). 
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Notwithslaiidiiig the fact tlial many (‘lianges have been made* in its 
details, Wcismanii’s theory of heredity pi*oved to l)e of mueh greater value 
than his theory of development. Morgan (Morgan et al. 1915, pp. 223- 
227) points out that Weismann made three eontributions to the study of 
genetics, which may be stated in three propositions: (1) The germ-i)lasm 



159.— The behavior of the hereditary units in ontogenesis according to Weismann 
{A) and the current interpretation {B). In A the determinants in the nucleus (1, 2, 3, 4) 
are supposed to bo distributed differentially to the various somatic cells. In B the ’genes 
<li»tnbuted equally to every cell, but the cytoplasm is distributed differen- 
tially. The same genes working upon different cytoplasms produce different results in 
various somatic cells. (Diagrams and legend from Conklin, 1919-1920.) 

contains independent elements which may be substituted one for another 
without undergoing change; (2) a segregation of maternal and paternal 
factors, pair by pair, occurs at one period in the history of the germ cells; 
(3) the behavior of the chromosomes is specifically applicable to the 
problems of heredity. In these principles are found ^‘the basis of our 
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|)IVSCI||, all<'iM|)l to explain lieicdily in lenns of (he (•('ll," lor nponlliein 
is founded Mu' I'aelorial llypol hesis, now snpporled 1)\ a lar^e mass of 
oxperiiiKMital ovidcMicc'. 

In our (‘oncoption of iho naturv of th(‘ iKuodity units or factors w(^ 
have d(‘pMrtod widcdy troni W(4sinann. Id)r liini ('ach of th(‘ ids arraiig('d 
in a sorios in the chroinosonie represented tlu' sum of th(‘ characters of a 
complete organism; the smaller parts were ivpresenlcMl hy the smalhu* 
units ((hdei minants) com|)osing th(‘ id, and tlu\s(‘ units in tuin \v('r(' maxh' 
up of hiophor('s, which wcu'c' ultimate' and inde'pe'nde'iit living particles. 
Accoi fling to our modei'u hypothe'sis each ol tlif' se'riallv arrang(*d fa(*tors 
oi genes exf'its an influence on thf' df've'lopnK'iit ot oiu' or inore' characte'rs, 
hut does not stand lor a compUdf' organism as did the' id, or for a part 
of it as did the determinant. Moreover, it is ge'iK'rally icganh'd as a, mass 
of some complf'x chemical suhstancf' whose? activitif's are du(' to its de'fi- 
nitf' though impei*lectly known physico-clu'inie'al propc'id i(‘s, rathei* than 
to force's exerte'el by hy|)e)thetie‘al vilal units. 

In justice tei Weismann it sheiulel he' peiinteel e)ut that the fre'epie'ntly 
maele critieasm that his the'oiy was a vitalistic one' is wai’rante'el einly tei a, 
limited extent. Although his ultimate' he're'elitary units, the' l)io|)he)re's, 
were re'gareled as ae'tually living particle's, We'ismann stateel that ‘Mhe'v 
are ne3t composeel in theii* turn e)f living partiedes, hut only e)f mole'e'ule's, 
whose chcmie'al constit utiein, ceimhination, and arrange'inent are* such as 
to give rise to the phenome'iia of life.” lie' was e'aie'ful to |)e)int out that- 
in spite of the fact that it e*anne)t he* pre)ved that ne) pe'culiar vitalistie? 
principle exists, wc should holel fast te) a purely i)hysie*e)-chemical basis 
of life until it is shown that it is neit sufficient to explain the facts, thus 
feillowing the funelamental rule that natural se*ie'nce must neit assume' 
unknown forces until the kne)wn e)ne's are* proved insuffie*ie'nt . . . We* 
can (piitc well t)elieve that an e)rganie? suhstane'e* e)f e'xae*tly prope)rtie)ne'el 
composition exists, in which the funelame*ntal phenome'na e)f idl life* - 
combustion with simultanee)us renewal must take plae*e' unele'i* e*e*rlain 
conelitions hy virtue e)f its e;omposition ” (1902, lecture .46). 

The manner in which hereditary facte)rs are .segi‘('gate*el at gametf)- 
genesis has been found to he eliffe're*nt from that conjectureel by Weismann. 
As inelicateel in the chapter on re'ductie)n, he' supposeel it to occur thre)ugh 
a transverse elivision of the* chromose)me, whereas it is ne)w known thaf 
it is accomplished hy the disjunedion of pairs e)f e'litire e*hre)m(jsomes, 
the separating members of each pair being qualitatively different. The 
‘^reduction” predicted by Weismann was founel to occur, but not in the 
manner he supposed. As shown above, his ielea of a further qualitative 
segregation of units of a lower order in the somatic divisions has not 
been substantiated. Notwithstanding tlu* abandonment of his theory 
of development and the changes made in his theory of heredity, Weis- 
mann \s influence on both cytology and genetics was enormous, largely 
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l)(M*au 80 of lii.s (‘iriphasis upon the nood for candul studios of the ooll 
Jii(a;lianisin at orilical stngc's of 1h(^ life liislory, and u[)oii the id(‘a 
that this nuM'hanisni is in sonui way hound up with tlu? phonoineiia of 
heredity. ‘^It has l)e(‘n Wcnsinanids great scn-viec^ to place the keystone 
between the work of the evolutionists and that of the eytologists, and 
thus bring the c(‘ll-theory and the evolution-theory into organic con- 
nection” (Wilson 1900, p. 13). 

We may further point out, with Morgan (1915), that the factorial 
hypothesis assumes only three things about the factors: they are constant, 
they are usually in duplicate in each body cell and immature germ cell, 
and they usually segregate in the maturing germ c(41s. The hypothesis, 
and the Mendelian theory in general, therefore have to do only with 
heredity : they do not attemi)t to explain the causes of development. They 
seek rather to account for the initial resemblances or diffenuices in here- 
ditary potentiality which arc observed to exist between the germ ccdls 
from which successive generations arise. Bidween the materials com- 
posing the initial factors and the fully expressed (diaractei’s of the or- 
ganism ^4ies the whole world of embryonic development,” to which the 
ai)plication of the theories under consideration has not yet been extended 
in any systematic or satisfactory manner. Nevertheless many investi- 
gators, though realizing the failure of Weismanrds attempt to explain 
(hwelopment in terms of representative particles, are strongly inclined 
to the view that since the Mendelian charaeders appearing toward ma- 
turity behave as though associated with dis(;retc units in the germ, the 
course of ontogenetic development in its earlier stages must also be due in 
large part to the activity of factors carried by the nucleus. Development 
is thus held to be predetermined or controlled by an internal mechanism : 
external agencies act only by affecting the operation of this mechanism. 
The factors control the characd.cr and behavior of the cells, and upon 
th(\se in turn the organism, which is a (^ell aggregate, is alone dependent 
for its characters and activities. In place of the early hypothesis on 
which it was supposed that the development of characters is controllec^l 
by the migration of determiners or pangens from the nucleus into the 
cytoplasm at precisely the right times and places, we now have the theory 
that the factors in the nucleus probably produce their effects by initiating 
series of chemical reactions which involve all parts of the cell. As Mor- 
gan (1920) states, Granting that differences may exist in the nuclei of 
different species, different end products are expected. The evidence 
that such differences may be related to specific substances in the nucleus 
is no longer a speculation but rests on the analytical evidence from Men- 
delian heredity. In what way and at what times the nuclear materials 
take part in the determination of characters we do not know. The 
essential point is that we are in no way committed to any interpretation. 
Stated negatively we might add that there is nothing known at present 
to preclude the possibility that the influence is a purely chemical process.” 
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Non-factorial Theories. — 44i(' ;il)()V(‘ tln'ory of iIk' (h'pcndi'nci' o! the 
course oi dcvc'lopniont upon llu' ()|i(*ndion of an inicunal facdorial nuadi- 
anism is essentially an ‘Sdcuni'nlalislic ’ ’ coina'pl ion: Ihe atlcunpl is 
made to explain the organism in 1(M*ms of its constituent parts, namely, 
the cells and smaller elements contained ])y them. As noted in our 
historical sketch, a numher of botanists and zoologists many years ago 
(•{died attention to the fact tlnit limits must be set to the concejdion of 
the cell as the unit of structure^ and function; {uid they have l)een followed 
by a school, made up largely of expc'riment.al embryologisis, which holds 
that organization is not the result of cell fornuitic^n, but mthcr pi’ccech's 
and regulates the hxtter. From this ‘b)rg;inism{d ” st{indpoint the or- 
ganism as a whole, and ru^t one or anotlKu* of its elementary p.arts, is 
regarded as the primary individinil. Tliis individmd is something mon' 
than the (;ell aggn^gate pictured by Schleiden {ind S(*hwann: it domiiuitc's 
the activity of its constituent members from the bc'ginning of the life' 
( 3 ycle onward, and behaves {is a unit irrespe(;tiv(^ of the manner {ind degree 
of its subdivision into special ('enters of {K-tion, tlu' cells. The condition 
present in coonocytic plants is especi{illy noteworthy in this connection, 
{is are also those cases among animals in which a der{ing(‘ment of tlu' 
early embryonic cells does not prevent the (‘ventual {lUniniiK'nt of the 
normal form. As urged with much force by Ritter (1019), ‘‘tin' org.'inism 
in its totality is as cssentiid to an explanation of its elements {is its 
elements are to an explanation of the organism.’^ 

The factorial theory nu’iy also be said to represc'nt pi'clormiit ionism 
in a very modern form. ^‘We ai*e sailing neiirer tlu' preform{ition coiist 
than {it any time since the modern study of di^vi'lopnu'nt Ix'gan under 
von Baer’^ (Conklin 1913). Direidly (3pposed to corpuscvdiir and bic- 
torial theories of development- are those which seek to explain the course 
(jf ontogenesis not by an int(*rnal mechanism but rathi'r {is th(‘ result- of 
the influence of external agi'iicies and the physiological n'sponses shown 
by protoplasm in the form of cells to such influence; develojinu'nt is 
held to be truly epigerudic. The control exercised by environ ment{il 
factors during the organism \s early diwelopmental stages, and the effi'cts 
of various tropisms and taidisms bc^tween the component cells upon th(‘ 
type of organization residting, have been especially emphasized by (). 
Hertwig, hlartog, Roux, Herbst, Dricsch, and others. The most sug- 
gestive recent work of this nature in plants is that of Harper (19()S, 
1918afe) on colonial algse. In Ilydrodictyon and Pediaslrum, a number of 
free-swimming cells come together and build up colonies of very definiti^ 
forms, and a series of experiments has shown that the position in the colony 
of any given cell is in no way predetermined. As already pointed out 
in Chapter XIV, Harper contends that the type of multicellular organiza- 
tion thus built up in successive life cycles is to be explained as the result 
of physico-chemical interactions between independent cells organized as 
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swarm sporc's, and nol as the product of tli(‘ activity of a sysdmi of 
spatially ari'angcal factors in a spcaaal j»:(‘rin>plasin. 

In this connection the name of Drieseh (1907-8, 1914) has b(‘eoni(‘ 
particularly prominent, not only because of his gn^at exjx'rimenfal ingen- 
uity, but also because of his decision that the facts of ontogenetic d(‘V(‘l- 
opnient cannot be accounted for on the basis of any mechanical theory, 
either now or in the future. As a result he takes the unscientific step of 
assuming the existen(;(^ of a non-mechanical, non-spatial, non-psychic, 
non-cnergctic ‘Vmtelechy,” whicdi presides over and controls develop- 
ment. Such non-experiential agencies, manufactured for the puri)ose of 
solving difficuh. problems, lead to experimental indeterminism and tend 
only to obscure the points at issu(‘: they may furnish c*onveni(mt names 
for great gaps in our knowledge, but they never give more than pseudo- 
ex[)lanations. Nevertheless, in spite of his tendencies to mysticism, ns 
Harper (1919) remarks, Drieseh has shown the impossibility of an (^xact 
parallelism in spatial configuration between the gcn'in-plasm and tlu^ 
multicellular organism as a whole: there can be no strict preformation 
in development. On the other hand, the work of the Mendelians shows 
clearly that development cannot be completely epigenetic: nothing seems 
clearer than that development is at least in p)art dependent upon th(^ 
orderly operation of an internal organization or mechanism. Wilson 
(1909, pp. 100 ff.), in discaissing the relation of the chromatin to Inu’edity 
and development, writes as follows: 

“But do W(y really need to employ the pangem symbolism in the (consideration 
of this (piostion? It seems a sufficient basis for our present attack on the pro})lem 
to assume that the control of the cell-activities is at bottom a chemical one and is 
effeeb'd by soluble substanc(cs that may ()ass from nucleus to protoplasm and 
from protoplasm to nucleus. Certainly it is to such a view that very many (jf thcc 
chemical and physiological studies in this field an' now unmistakably pointing. 
The opinion is gaining ground that the (control of development is fundamentally 
analogous, perhaps closely similar, to the control of specific forms of physiological 
action by soluble f(*rments or enzymes . . . We are thus led to something more 
than a suspicion that the factors of determination, and therefore of heredity, 
are at bottom of ch(cmical nature . . . The conclusion thus becomes highly 
probal>le that the clmracteristic differences (jf metabolism b(ctween different 
species, including those involved in develo})ment, are traceal)le to initial chemical 
differences in the germ cells. In so far as the chromatin theory expresses the 
truth, the primary })asis of these differences may be sought in the nuclear 
substance.” 

A Chemical Theory of Heredity. — Among the tiieories based on the 
conception of the idioplasm as a substance with a special chemical consti- 
tution, rather than as a system of determinants, may be mentioned that 
of Adami (1908, 1918). As indicated in Chapter III, Adami attributes 
the phenomena of life to the activities of a protein-like “biophoric mole- 
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(uilo, wlii(*li is ni;i(l(i up oi a chain or rin^' of ainino-acid radich's lo which 
sido-chaiiis ot various kinds may Ix'coiih' allaclu'd. With rc'^ard to 
individual dcvcdopuKuil it is sup|)os('d that ‘dn tlu' ovum thci*(‘ is one 
(;oininoii idioplasm of simple type, to which, wIkmi distribuled in th(‘ 
various cells derived from that ovum, diflercuit sidc'-chains Ih'couk' 
attached, according); to the relationships assunu'd by those' c(‘IIs, so that 
the cells of different orders are' e*e)ntie)lle'el and fe)rme'el are)unel pre)te)- 
plasmic or idioplasinic me)le'e‘ule's e*e)mpe)seel e)f the)se' e*e'ntral I’ings plus 
varying serie\s side'-chains ” (p. 140). With Driesch it is helel that “the' 
structure of the e'clls in a mult ie*e‘lhilar e)rganism is a fune*tie)n e)f the'ir 
positie)!!,” since “the pe)sit ion of the ce'll ele'termine'st he' me)elifie*atie)n linele'i- 
goiie by its ielie)plasni.” Furthernmre', “the' greate'r the' e*hange im|)re'sse'el 
upon the ielioplasm of these' ea'lls, anel the le)nge‘i* that idie)plasni is sub- 
jecteel te) the conditions inelucing this ediange', the' nmre permanently will 
the elaughter cells exhibit the peculiar alte'ratie)n in the' ielie)plasm, wit h con- 
sequent nie)elifieel structure where've'r tlu'y find t lu'inse'lve's in t he ee*e)nomy. 
We have, in short, to re'e*ognize' that tvve) ejrele'is e)f fejre'e's ele'te'rmine thei 
structure of every e*e'll in the be)ely : { 1) the' pre'vious intlue'iu'e's aedingupon 
its idioplasm and causing it to l)e' e)f a particulai* e*he'mie*al e*e)nst itutie)n; 
and (2) the position in which the' e*e'll finels itself, anel the^ fe)rces aeding 
momentarily anel imme'eliately upe)n its ielie)plasm. Or, briefly, these' t we) 
series of forces are inheritane*e anel e'livironment, anel inheritane'e anel 
environment eletermine the' e*e>nst il ut ion of the' idioplasm anel tlie' si rue*- 
ture of the cells” (p. 151). 

“In terms of this theory, there'fore, inheritane:*e e'sse'nt ially ele-penels 
upon the chemical ce)nstitution of the ielie)plasm or the' life'-be'aring e)r 
biophoric protoplasm of the germ e*ells, ne)t upe)n the numbe'r e)f the' sepa- 
rate iels or biophores or aiie*estral plasms or pange'iis ce)ntaine'd in the' ielie> 
plasm; and variation, whether slight and inelivielual, e)r exte'usive' anel 
leading to the production e)f new species, is ultimate'ly tlic e'xpre'ssion of 
modification in the constitution of that ieIioi)lasm l)rought al)out by e'livi- 
ronnient. Whereas Weismaruvs themry lays stress upe)n relative' fixity 
in the constitution of the idioplasm, this theory aelmits freely the e*apaedty 
for change in structure of the same. So long as the surrouneling coneli- 
tions are unaltered the ielioplasm is unchanged; alter these conelitions anel 
the idioplasm is liable to variation in constitution” (pp. 152-3). 

Adami cites certain e*alculations of the probable size of inorganic and 
organic molecules to show that the existence of a system of eleterminants 
or other representative particles of the Weismarmian type is a physicial 
impossibility. He also points out that since the idioplasm must increase' 
enormously in bulk by the addition of new material and become repeat- 
edly subdivided as cells and individuals multiply, there can be no actual 
continuity of the germ-plasm through countless generations: what is 
eternal is rather a potential continuity of molecular arrangement and 
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( oust ilution, physical and cli(‘inical |)r()p(‘rl i(\s of t 1 h‘ j^(‘j in-plasni 

rather tlian tlu^ sul>stan(;(^ itself. 

Conclusion.— In the foregoing |)ag(‘s vv(‘ have touclKai u{)on soiiKi of 
the most important biological problems toward the solution of which 
cytology must make her further contributions. With regard to individual 
(k'velopment it must be determined on the one hand to what extent the 
(‘oiuse of ontogenesis is dependent upon the operation of an internal cell 
mechanism and how this mechanism brings about its results, and on the 
other hand how far it is controlled by external environmental agencies: 
a way must be found between the ‘bScylla of preformation and the 
(diarybdis of epigenesis’^ (Conklin 1913). Furthermore, the manner 
and th(^ cause's of the progressive modification of the hereditary mechan- 
ism must be better known in order that evolutionary advancci 
may be accounted for. With respect to both development and heredity 
the roles of the two individualities, the cell and the organism as a whole, 
must be more fully ascertained and corr’elat(‘d. 

It is obvious that no aderprate solution of any of these pr’oblerns (*an 
be reaclu'd until the physico-chemical constitution of protoplasrrr, 
('Specially that of thci idioplasm or inher-itance material, is mor’e 
cle<xrly disclosed. Only furdher r’esrair’ch (am show whether we shall 
continue to regarxl the idioplasm or chr’ornatin as a heterogeneous 
system of discr-ete rnolecailes or molecular cornplexc's (factor’s or genes) 
wrth a (lefinite spatial arrangement, as is supposed on our currc'nt 
Mendelian theories, or shall come to look upon it as a single enormously 
complex cluanical substance in which varying side-chains or other portions 
of the molecule are responsible for the variety of results observed. It is 
at arry rate a striking fact that ^^in the Mendelian phenomenon we see a 
synMmsis, splitting apart, and recombination of determinative factor’s 
that is singularly like that of chemical elements or r’adicles” (Wilson 1909, 
p. 108); and nothing appears more cleardy evident than the truth of 
Wilson s assmtion that 'F . , in the union of cytoh^gy and Iriochernistry 
li('s oiu* gi’eaf(‘st hoire of futur’e advance.” 
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